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ABSTRACT 
Creating in vitro microenvironments for the study of important biological processes, 
examples of which include chemotaxis, haptotaxis, axonal guidance and angiogenesis, 
has been a relevant research focus for many years.  Microfabrication techniques 
involving soft lithography, microfluidic devices and direct-write assembly can be used to 
create such microenvironments.  Soft lithography techniques, which typically include 
microcontact printing and decal transfer, rely on elastomeric molds, stamps or flexible 
photomasks to create patterns on or transfer patterns to, an underlying surface; these 
molds or stamps themselves have also been used for study.  In microfluidic devices, small 
fluid volumes are transported through microchannels via gravity or pressure-driven 
methods.  Biological studies are either conducted within the gradients maintained by 
laminar flow through the microchannels, or on the residually patterned underlying rigid 
surface, created via physi-adsorption or through chemical interactions with the surface.  
Both soft lithography and residual substrate microfluidic patterning approaches yield 
planar patterned substrates.  In contrast, fluidic gradients maintained in microchannels are 
three-dimensional in nature, but are only used for specific applications—e.g. the study of 
non adherent cell types such as white blood cells.  Recent studies, however, have shown 
that different cell types present important biological differences, in their differentiation, 
proliferation rates, migration and cell signaling, in two- versus three-dimensional culture 
systems.  Thus, there has been increased interest in the development of three-dimensional 
fabrication techniques to create microenvironments that can better mimic those found in 
vivo.  Direct-write assembly is an example of a three-dimensional fabrication method that 
enables the creation of micro-periodic structures with well defined features and an 
 ii
interconnected porous network, 1-100µm in size.  Other 3D fabrication techniques 
include electrospinning, solvent/particulate leaching and freeze drying, however they 
usually yield random three-dimensional structures with an unpredictable porous structure.  
This thesis describes three different in vitro systems generated using three distinct 
microfabrication techniques, including a modified decal transfer lithography, a 
combination of microfluidic assembly and microcontact printing, as well as direct-write 
assembly, for the study of primary mammalian hippocampal neuron development, one of 
the most well characterized in vitro models of neurite development currently available.   
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CHAPTER 1  
 
INTRODUCTION AND RESEARCH SUMMARY 
 
1.1 Introduction 
Directing cell growth via topographically or chemically patterned biocompatible 
substrates is an increasingly important area of research.  Methods for creating spatially 
controlled topographical or biomolecular features are of broad utility, with exemplary 
applications that include chemical sensing,[1] diagnostics[2] and platforms for studying 
cellular behaviors.[3-4]  Traditionally, planar micropatterned in vitro systems have been 
used to study the effects of important biological processes.  Recently, however, it has 
been shown that many cell types exhibit significant biological differences in 2D versus 
3D culture systems.[5-10]  Thus, there has been significant interest in extending and 
applying microfabrication techniques to generate three-dimensional culture systems, akin 
to those seen in vivo.   
 
1.2 Surface Topography Can Guide Cell Growth  
Surfaces with defined topography have been used for the study of contact guidance of 
various cell types for several years.  Some of the first studies to probe the effects of 
topography on guided cell growth used either soft lithography[11-14] or etching 
techniques to create surfaces of PDMS or quartz/fused silica, respectively, with a 
microchannel/groove geometry.[15-22]  The representative micrograph given in Fig. 1.1, 
highlights the response of macrophage-like cells (P388D1) to a microgrooved silica 
substrate.  Recent studies have looked at the effects of a post geometry on cell 
guidance[23-24] while others have considered more intricate geometries, such as wavy 
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microgrooves,[25] microgrooves with an attached micro-pit[26] and substrates with 
recessed lines or pillars.[27]  The majority of the studies mentioned above considered 
feature sizes 10 µm and below while, more specifically, those studies that considered a 
micropillar/post geometry looked at feature sizes no larger than 2 µm.  Taken together, 
these previous studies provide no clear conclusion regarding necessary topographical cell 
guidance parameters, specifically in terms of feature sizes larger than 10 µm.  
 
1.3 Micropatterning Technologies Can Create Systems for Biological Studies 
Micropatterning technologies, including microfluidic patterning and microcontact 
printing (µCP), can be used to create microenvironments for biological studies.  In-vivo a 
cell may interact with a variety of diffusible chemical gradients, such as those responsible 
for chemotaxis,[28] haptotaxis,[29] angiogenesis,[30] morphogenesis[31] and axon 
guidance.[32-33]  Microfluidic patterning, which allows for manipulation of small fluid 
volumes and precise control of pattern formation, is a logical choice for generating such 
gradients.  In typical microfluidic platforms, fluid-based gradients are created within 
irreversibly bound microchannels and maintained by laminar flow.  Previous studies have 
used laminar microfluidic patterning to study the chemotactic response of neutrophils, the 
most prevalent type of white blood cell in mammals,[34] to complex gradients and 
patterns of various chemokines.[35-40]  A schematic representation, from an exemplary 
previous study,[35] of a device and its corresponding observation area where 
chemoattractants gradients are presented to migrating neutrophils, are provided in Fig. 
1.2.  
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Discrete chemical features can also have important biological implications, for example, 
in the guidance of various cell types[41] and relation to the mode of cellular 
attachment.[42]  Microcontact printing is a straightforward method that can be used to 
create such distinct features.  In typical microcontact printing schemes, the relief pattern 
of a PDMS stamp is used to ‘ink’ discrete features of alkanethiol (and alkyl silane) self-
assembled monolayers (SAMs) on gold (and glass) surfaces.[43-44]  A schematic 
representation of this micropatterning technique is given in Fig. 1.3.  The ‘inked’ surface 
can then be further functionalized to attach relevant biomolecules such as proteins.[45-
47]  Microcontact printing has been used to create surfaces for the study of directed 
neuronal growth,[48-49] the study of synaptogenesis,[50] and to improve cellular 
attachment via modification with cell recognition molecules, such as laminin.[42] 
 
Though these complementary techniques have many capabilities with respect to creating 
interesting biomolecular gradients or discrete features, they have important limitations 
including low efficiencies and reduced capacities in generating multi-component 
biomolecular gradients or discrete chemical patterns imprinted on soft substrates.  This is 
an important limitation as recent work suggests that the substrate modulus has a 
significant impact on cellular behavior.  It is inherently difficult to pattern soft substrates 
with microfluidic methods, due to the complexity involved in creating a tight seal with 
the underlying hydrogel substrate—a necessity to avoid leakage.  The limitations of 
microcontact printing techniques lie in the innate difficulty associated with rigorously 
controlling the amount of material transferred when using a complex macromolecular 
ink, which is essential for generating patterns of useful species, such as short chain 
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peptides or proteins.[51]  Additionally, when patterning multiple biomolecules using 
µCP, difficult alignment steps are typically required.  To address this limitation, Bernard, 
et al. combined microcontact printing and microfluidic patterning to facilitate the printing 
of several biomolecules without the need for a registration step.[46]  In the study, a 
microfluidic channel was reversibly sealed to a featureless PDMS slab.  Protein solution 
flowing through the microfluidic channel adsorbed to the surface of the PDMS slab and 
in this way defined the “inking” areas using 16 different proteins, Fig. 1.4.  In this 
printing scheme, however, so the printing efficiency is low.  The technique also does not 
easily enable patterning of soft substrates.   
 
1.4 Three-Dimensional Cell Culture Platforms 
In vitro cellular studies conducted on three-dimensional scaffolds or constructs allow for 
better representation of the complexity of in vivo tissue systems versus those based on 
two-dimensional culture systems.[5] Importantly, recent studies have shown that many 
cell types exhibit biological differences in their migration, [6] proliferation rates,[8] 
differentiation[9] and cell signaling[7] in  planar versus three-dimensional culture 
systems. [5, 10]  Thus, there has been increased interest in the design and fabrication of 
biocompatible 3D scaffolds for the study of cellular processes.  
 
3D scaffolds used for tissue engineering applications must meet several criteria, the most 
important being biocompatibility.  Other important parameters include the feature size(s) 
and mechanical properties of the scaffold, which should be made compatible with the 
desired tissue type.  It is also necessary that the material have a porous interconnected 
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structure to allow for proper nutrient exchange, waste removal, and significant cellular 
infiltration.  Finally, the scaffold would ideally be constructed from biodegradable 
materials, whose degradation by-products are non-toxic.[52-53]  
 
Hydrogels are a popular material choice for tissue engineering scaffolds because they can 
be made mechanically similar to tissue, functionalized with various biomolecules, such as 
peptides or growth factors, and processed or crosslinked using a variety of different 
mechanisms.[54]  Hydrogels can be either naturally derived or synthetically produced, 
though synthetic polymers have some advantages over natural polymers used in tissue 
engineering applications.  Synthetic polymers, examples of which include PLGA 
(poly(lactic-co-glycolic acid), pHEMA (poly(2-hydroxyethyl methacrylate) and PEG 
(polyethylene glycol), have a known composition, while natural polymers, examples 
include fibrin, collagen and dextran, can exhibit compositional heterogeneity.  Synthetic 
polymers can be readily manipulated to yield desired mechanical or chemical properties, 
which may help decrease immune response, as well as can be designed to have a 
controlled degradation, while natural polymers, since derived from a living host, require a 
sterilization step, which often increases the complexity of sample preparation.[55]  
Finally, of the many scaffold fabrication techniques currently available, a majority of 
these are more compatible with synthetic polymers.[52-53] 
 
1.4.1 Scaffold Fabrication Techniques 
Many fabrication techniques are available to create 3D scaffolds or platforms for 
biological study; examples include solvent casting/particulate leaching,[56] 
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electrospinning,[57] freeze drying[58] and rapid prototyping, including 
stereolithography[59] and direct-write assembly.[60]  In solvent casting/particulate 
leaching methods, a mold is filled with a polymer solution containing water soluble 
particles.  Once the solvent in the mold has evaporated an aqueous solution can be used 
to remove the particulates, thus creating a porous structure, as shown in Fig. 1.5.  This 
technique can create regular pore sizes, but is best used for thin samples because of the 
difficulties associated with solvent removal increase with thickness.[52, 61]  
 
In electrospinning methods, a charged polymeric solution is driven through a pipette tip, 
where it initially forms a suspended droplet maintained via equilibrium between the 
surface tension and electric field.  As soon as the electric field is strong enough and 
equilibrium can be breached, the polymeric solution is ejected from the pipette tip and 
drawn toward the supporting collecting plate.  As the solution continues to be pushed 
through the tip, the solvent slowly evaporates creating a random network of solid 
rods,[57] as shown in Fig. 1.6.  Electrospinning can be used to create random 3D 
structures with nanoscale features, in which neither the pore size or shape is well 
controlled.[52] 
 
In typical freeze drying methods, water is added to an immiscible, viscous polymeric 
solution to create an emulsion.  The emulsion is transferred to a mold and then rapidly 
frozen via immersion in liquid nitrogen. Once the sample has been ‘freeze-dried’, the 
water and solvent are removed, leaving behind a porous polymeric structure[61], an 
example of which is presented in Fig. 1.7.  Freeze drying methods can create samples 
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very rapidly, but tend to give relatively small pore sizes, a random porous network, and 
may require harsh solvents.   
 
In rapid-prototyping techniques, scaffolds are patterned in a layer-wise fashion using 
computer aided design.  Three-dimensional computer models are segmented into 2D 
slices which are combined to generate complex objects.  These 2D layers can be 
produced via fused deposition modeling,[62] stereolithography[63]or 3D printing in 
which particle bonding occurs either through particular binders or laser induced 
curing.[64-65]  Direct ink writing is a type of rapid-prototyping that can be used to create 
complex three-dimensional, multilayer constructs with micron-sized features.[60]  A 
schematic representation of this technique and representative micrographs of resulting 3D 
structures are highlighted in Fig. 1.8.  There are two types of ink rheology that have been 
utilized in this approach: viscoelastic gels and Newtonian fluids.  In the former case, the 
ink is initially solid-like under low shear but flows when the applied shear stress exceeds 
its shear yield stress to produce regular patterns.  However, once the ink exits the nozzle 
and returns to a zero-shear state, it rapidly solidifies.  Newtonian inks are deposited in the 
liquid state, so therefore require that solidification be induced by printing in a reservoir of 
poor solvent quality,[66] by solvent evaporation/hydrolysis,[67] or by another mean.  
These inks can also be used to create microperiodic structures with a regular, 
interconnected porous network, provided rapid solidification is induced, but like other 
rapid prototyping methods, requires expensive equipment and setup to carry out.  
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1.5 Hippocampal Neurons—A Well Characterized In Vitro Model for Neurite 
Extension  
 
In the cell culture platforms that were developed and considered in this thesis, the same 
cell type was used—mammalian (rat) primary hippocampal neurons.  This cell type was 
selected because primary cultures of rodent neurons are one of the best characterized and 
most widely used in vitro models of neurite extension currently available.[68]  A member 
of the limbic system, the hippocampus is located in the medial temporal lobe of the brain.  
Mammals have two hippocampi, located on either side of the brain.  This part of the brain 
plays an important role in short term memory and spatial navigation.[69]  
 
1.6 Thesis Overview 
The purpose of this thesis was to incorporate biocompatible polymers with various 
fabrication techniques to create unique microenvironments for the study of primary 
hippocampal neurons.  In Chapter 2, we explored textural cues as a mechanism for 
controlling neuronal process outgrowth is described.  A form of decal transfer 
lithography was used to generate conical arrays of PDMS posts of various dimensions 
and spacing on glass substrates that were rendered growth-compliant by subsequent 
treatment with a protein activator.  In this work feature sizes as large 100 µm were 
considered as the effects of topography in this size range had not been previously studied.  
We observed two distinct growth regimes; on the smaller feature sizes considered, 
process branching strongly aligns (at right angles) along the post mesh, while neuronal 
outgrowth on the larger feature sizes elicits 360o process wrapping.  Although features as 
large as those included in our study had not been rigorously investigated previously in 
relation to contact guidance, we found that they should not be disregarded.  Neuronal 
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development on larger feature sizes tended to display not only process wrapping but 
interactions in the z-plane, which creates opportunity for future studies that exploit this 
3D development. 
 
In Chapter 3, we explored a novel, reusable micropatterning platform that incorporates 
components of both microfluidic patterning and microcontact printing is highlighted.  
Using this platform, two-dimensional biomolecular patterns were transferred to soft 
hydrogel substrates.  Hydrogel substrates imprinted with biomolecules (e.g., proteins or 
peptides) are of considerable interest because of their utility in bioanalytical applications 
such as diagnostics and studies of cells in culture.  In the novel system presented in 
Chapter 3, a track-etched polycarbonate membrane is used to seal a PDMS microfluidic 
channel device.  The ‘ink’—a solution of a biotin labeled biomolecule target—is 
constantly replenished via fluid perfusion of solution through the underlying channel 
system and membrane, where it is captured on a separately prepared, streptavidin-
incorporated polyacrylamide hydrogel.  Resulting patterns obtained with this technique 
can be precisely controlled via channel design and selective membrane wetting.  Multiple 
channel designs were used to pattern three model classes of biomolecules (i.e., peptides, 
polysaccharides, and proteins).  Polylysine patterned hydrogel substrates were used to 
highlight a potential application of this patterning platform, as substrates for directed 
growth of hippocampal neurons.  
 
In Chapters 4 and 5, direct-write assembly (DWA) was extended to create 3D hydrogel 
scaffolds for tissue engineering applications.  First, in Chapter 4, we developed a 
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polyacrylamide-based ink and optimized its rheology for DWA.  3D micro-periodic 
structures were printed with feature sizes as small as 1 µm.  Once the chemistry and 
printing parameters were optimized, we tested the biocompatibility of the 3D 
polyacrylamide constructs by plating the scaffolds with 3T3 murine fibroblasts.  3T3 
murine fibroblasts are commonly used to test initial biocompatibility of new materials 
[ASTM: STP810-EB]  After determining that the material was only moderately 
compatible for fibroblasts, we developed based on pHEMA (poly(2-hydroxyethyl 
methacrylate)), a well characterized system for investigating the interactions of more 
sensitive cell types with 3D scaffolds.  
 
In Chapter 5, we studied the guidance and development of primary hippocampal neurons.  
To better mimic the complexity of brain tissue, 3D pHEMA scaffolds of varying 
architecture were created using DWA.  Specifically, the spacing between printed features 
(10 µm diameter) in the xy plane, varied between 30 to 80 µm.  Neuronal development 
was captured via confocal microscopy, while the neuronal process characteristics were 
quantified using sophisticated image processing techniques.  Our findings indicate that 
the most uniform distribution of cell somata and the most intricate neuronal networks 
were observed on 3D scaffolds with an intermediate pitch of 40 μm.  This result is 
interesting since, intuitively, upon consideration of the size of a typical cell body (~10 
µm) one might expect that scaffolds with the smallest pitch (30 µm) would encourage 
even greater formation of intricate neuronal networks.  We observed that neurons plated 
on scaffolds of the smallest pitch, tended to be confined to the topmost scaffold layers, 
while cells plated in scaffolds with the largest pitch, 80 μm, tended to partition to the 
 11
supporting glass network, residing within the porous wells created between adjacent rods.  
In scaffolds with a pitch of 60 μm, neurons displayed a combination of distributed cells 
(in z) as well as those that were confined to the glass.  Interestingly, we observed 
significant contact guidance along the rods on all scaffold architectures, even those of the 
largest pitch.  The most highly pronounced process wrapping in combination with guided 
growth along the rod architecture was observed in the topmost layer in all scaffolds 
except for those with an 80 μm pitch, in which neuronal process presence was limited.  
Interesting somata morphologies were observed in scaffolds of the two smallest pitch 
sizes due to the cells inserting themselves into the junction points between rods or in the 
region between two parallel scaffold layers.  In this study, we present a scaffold platform 
for the robust three-dimensional culture of primary neurons. This work clearly 
demonstrates significant opportunity for future study, e.g. how functionalization with 
various growth factors or modifications in material modulus can affect neuronal 
development.   
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1.8. Figures 
 
 
Figure 1.1. P388D1 macrophage adopt different morphologies in response to unpatterned versus 
micropatterned grooved (groove depth 71 nm) silica substratum. In the latter case, the cells develop a more 
flattened out morphology as they interact and align with the underlying surface topography. 
Adapted from Experimental Cell Research, 223, B. Wojciak-Stothard, A. Curtis, W. Monaghan, K. 
MacDonald, and C. Wilkinson, Guidance and activation of murine macrophages by nanometric scale 
topography, 426–435, Copyright (1996), with permission from Elsevier. 
 
 
Figure 1.2. Schematic representations of gradient generator and gradient characterization. a) Top view of 
the gradient generator device, while b) presents a three-dimensional representation of the observation 
portion of the device where neutrophils are exposed to gradients of chemoattractants. Reprinted by 
permission from Macmillan Publishers Ltd: Nature Biotechnology, N.L. Jeon, et al., Neutrophil chemotaxis 
in linear and complex gradients of interleukin-8 formed in a microfabricated device, 20: p. 826-830, 
copyright (2002). 
 
(a) (b) 
patterned unpatterned
20 µm 
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Figure 1.3. Illustration of the steps involved in microcontact printing. (1) The elastomeric stamp is wet 
with the inking solution (biomolecules) and (2) dried in a stream of nitrogen, leaving a thin layer of 
material on the stamp surface. (3) The stamp is then pressed to the substrate surface, leaving the 
biomolecules only on the regions defined by the raised structures of the stamp. (4) Afterwards the stamp is 
removed from the surface. Offenhaeusser, A., Boecker-Meffert, S., Decker, T., Helpenstein, R., Gasteier, 
P., Groll, J., Moeller, M., Reska, A., Schaefer, S., Schulte, P., Vogt-Eisele, A.:Microcontact printing of 
proteins for neuronal cell guidance: Soft Matter. 2007. 12. 1067 – 1070. Reproduced by permission of The 
Royal Society of Chemistry 
 
 
Figure 1.4. Fluorescent micrograph highlights the patterning of 16 different proteins (some of them 
without fluorescent label) onto the polystyrene surface of a cell culture dish using a stamp inked by means 
of a microfluidic network. Bernard A., Renault, J.P., Michel, B., Bosshard, H.R., Delamarche, E.: 
Microcontact printing of proteins. Advanced Materials. 2000. 12. 1067 – 1070. Copyright Wiley-VCH 
Verlag GmbH & Co. KGaA. Reproduced with permission. 
 
50 µm 
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Figure 1.5. SEM micrograph of a PLGA porous scaffold prepared from 10 % (w/v) PLGA/salt mixture. 
Original magnification ×50. Adapted from Journal of Biomedical Materials Research, C.-J. Liao , et al, 59, 
426–435, Copyright (2001), with permission from John Wiley and Sons. 
 
 
Figure 1.6. Scanning electron microscopy micrographs of electrospun (A) polycaprolactone (PCL), (B) 
chitosan nanofibrous scaffolds. Reproduced from Tissue Engineering Part A, M.P.Prabhakaran, et al., 
14(11): p. 1787-1797., copyright(2008), with permission from Mary Ann Liebert, Inc. 
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Figure 1.7. SEM micrographs of type I collagen-glycosaminoglycan scaffolds produced using two 
different modifications of the freeze-drying fabrication method. Reprinted from Biomaterials, 25, F.J. 
O'Brien, B.A. Harley, I.V. Yannas, L. Gibson, Influence of freezing rate on pore structure in freeze-dried 
collagen-GAG scaffolds, 1077-1086, Copyright (2004), with permission from Elsevier. 
 
 
100 µm 
100 µm 
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Figure 1.8. a) The ink-deposition process (not drawn to scale). A concentrated polyelectrolyte ink is 
housed in a syringe (yellow) immersed in a coagulation reservoir (grey hemispherical drop) and deposited 
on to a glass substrate (light grey). b) Optical image acquired in situ during deposition reveals the features 
drawn in a, including the deposition nozzle that is patterning a three-dimensional lattice, as well as a 
completed radial array. This image is blurred by the reservoir (scale bar: 100 micron). c) Three-dimensional 
periodic structure with a face-centered tetragonal geometry (filament diameter: 1 micron; 10 layers; scale 
bar: 10 microns). d) Three-dimensional radial array (filament diameter: 1 micron; 5 layers; scale bar: 10 
microns). Reprinted by permission from Macmillan Publishers Ltd: Nature, G.M. Gratson, et al, 
Microperiodic structures:  Direct writing of three-dimensional webs. 428: p. 386, copyright (2004) 
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CHAPTER 2 
 
TEXTURAL GUIDANCE CUES FOR CONTROLLING PROCESS 
OUTGROWTH OF MAMMALIAN NEURONS 
 
 Reproduced by permission of The Royal Society of Chemistry 
The majority of the text comes from J. N. Hanson, M. J. Motala, M. L. Heien, M. 
Gillette, J. Sweedler, and R.G. Nuzzo, “Textural guidance cues for controlling process 
outgrowth of mammalian neurons” Lab Chip, 2009, 9, 122–131. 
 
Figure 2.1 was created by R.F. Shepherd, Figure 2.3 was prepared by M.J. Motala, while 
Figure 2.7 was captured by Dr. M.L. Heien; Aplysia culture was done by Dr. M.L. Heien. 
 
 
2.1 Introduction  
Creating surfaces with defined topography is a convenient way to manipulate the 
environment that a cell experiences on the micrometer and nanometer scale.  As a result, 
there has been increasing attention given to the study of the impact of these factors on the 
characteristics of cells maintained in vitro.[1-25]  More recent work in this area has 
largely exploited the development of new, more enabling protocols for fabricating 
substrates that provide attachment points or guidance cues for cellular attachment and 
growth.  Substrates, particularly those presenting more complex forms of three-
dimensional texture, are highly desirable for many types of studies.   
 
Many of the previously reported studies of cell guidance have used PDMS substrates 
containing microchannels/grooves,[4, 7, 19, 25] many of which were created using 
standard soft lithography techniques.[26-29]  Several previous studies also considered 
microgrooves/channels fabricated in fused silica or quartz.[1-3, 5-6, 10]  Taken together, 
these studies present a somewhat confusing picture as to the nature and specificities of 
contact cues as a mechanism for controlling process outgrowth.  One of the main 
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conclusions in the majority of past studies using microgrooves/channels is that cells 
prefer to interact with topography whenever possible, with some lesser affirmation that 
the design rules that most effectively promote textured outgrowth involve feature sizes 
that are below 10 µm.[1-10, 14-21, 24-25]  
 
Few studies have considered the behavior of cells on other substrate design form factors, 
such as post or pillar arrays.  The studies which have, however, examined posts no larger 
than 2 µm in diameter.[11, 16]  The advantage of the post array construct over 
microgroove/channel architecture is the potential to direct growth in both two and three-
dimensions, depending on the z-dimension of the features.  This control capacity is 
design rule sensitive, as there is a nominal z-dimension required to fully exploit growth.  
The ability to direct cell growth in three dimensions is especially desirable as it may 
eventually make it possible to create conditions more similar to those found in vivo. 
 
In the work described here, we look at the response of developing hippocampal neurons 
to PDMS conical arrays with a broader range of design rules, ones embracing both 
smaller feature sizes and larger ones, (ranging from 10 to 100 µm in diameter), as cell 
behavior at this scale with discrete features had not been previously examined.   
We also studied the response of the non-mammalian neurons, Aplysia, as it is a well-
studied model for neuronal outgrowth and repair, and thus links our study to a significant 
body of prior work.[30-40]  Consequently, the use of two distinct cell types offers 
insights into the universality of the material system and the specificity of the conclusions 
on topographic features.  
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2.2 Methods and Materials 
 
2.2.1 Fabrication of Substrates with Regular Conical Arrays  
 
 
Surface topography was created on glass coverslips using ‘masterless soft 
lithography’,[41] a variant of decal transfer lithography[42-44] that was developed 
previously.  A schematic representation of this method is presented in Fig. 2.1.  Briefly, 
UVO microreactor masks were first fabricated through a series of standard 
photolithographic steps, as follows.  Quartz slides were cleaned in a piranha solution for 
at least 30 min, rinsed thoroughly with deionized water (Milli-Q, Millipore, Billerica, 
MA) and dried under flowing nitrogen.  A 100 Å adhesion layer of titanium, followed by 
1000 Å of gold were evaporated onto the surface of the slides (Temescal FC-1800 
electron beam evaporator).  The slides were then spin coated with s1805 photoresist 
(Rohm & Haas Electronic Materials, Philadelphia, PA) at 3000 rpm for 30 s, with a 
ramping of 500 rpm/sec. The coated slides were pre-baked at 115 ºC for 3 min and then 
exposed to UV for 7 s (MJB3 Mask Aligner, Suss Microtech, Garching, Germany) 
through a transparency to define the features.  The patterned slides were post-baked for 3 
min at 115 ºC and then developed using MFTM-319 developer solution (Rohm & Haas 
Electronic Materials, Philadelphia, PA).  After photolithographic patterning, an O2 
reactive ion etch (RIE) descum (30 s, 100W, 20sscm O2, 50mTorr, Unaxis, Plasma 
Therm) was performed.  The slides were then placed in a gold etch (gold etch type TFA, 
Transene Company, Inc., Danvers, MA) for approximately 30 s, rinsed with deionized 
water and then dried under flowing nitrogen.  Photoresist covering the remaining gold 
was not subsequently removed.  In the final structure, the gold acts as a masking element 
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(similar to a photolithography mask) while the photoresist forms the sidewalls of a 
reusable micro reaction chamber under the gold openings. 
  
Patterning using the UVO microreactor masks was carried out by placing the patterned 
side of the mask on top of an unpatterned PDMS slab and exposing the assembly to UV 
irradiation (UVOCS; UVOCS Inc., Colmer, PA) through the top of mask for 5 min.  The 
activated face of the PDMS slab was then placed into conformal contact with a glass 
coverslip, previously cleaned by piranha treatment, rinsed with deionized water and dried 
with nitrogen.  To prevent PDMS delamination, a weight was placed on top of the 
PDMS.  The stack was then heated (glass on the bottom of the stack) for a minimum of 
one hour at 70 ºC (larger feature sizes transferred better with longer cure times).  After 
heating, the weight was removed and the bulk PDMS was then carefully peeled from the 
substrate, slowly pulling diagonally from one corner, across the coverslip.  This 
procedure creates a pattern transfer of conical PDMS structures on the surface, 
corresponding to the approximate geometries that were initially present on the UVO 
microreactor mask.  An exact 1:1 transfer of the photomask pattern was not observed; 
typically the transferred patterns were slightly smaller than the presented mask features 
(i.e. a 10 µm diameter, 10 µm spacing sample may appear as an array with 8 µm diameter 
and 12 µm spacing).  The patterns generated for this study had a diameter range of 10 to 
100 µm, a spacing range (from edge to edge) of 10 to 200 µm, and a height of 1 to 
approximately 20 µm, depending on post diameter.  Representative optical micrographs 
of the transferred conical arrays are presented in Fig. 2.2.  
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2.2.2 Feature Height Characterization 
2.2.2.1 Atomic Force Microscopy 
Atomic force microscopy (AFM) was used to determine the height and shape of the 
PDMS conical features.  A MFP-3D AFM (Asylum Research, Mannheim, Germany) 
system was used in tapping mode, with generic aluminum tips, for this imaging and 
analysis.  The scannable area of the instrument was 90 µm2, so the height of the three 
largest features could not be properly determined.  An example of an AFM height profile 
for the 10x10 sample (10 µm diameter with 10 µm spacing) is given in Fig. 2.3.  
 
2.2.2.2 Profilometry  
The height of the three largest feature sizes considered in this study (50x100, 100x100, 
and 100x200 µm) was determined using a surface profiler (Dektak 3030; Veeco, 
Woodbury, NY). The height of all features are summarized in Table 2.1.  
 
2.2.3 Primary Hippocampal Neuron Growth on Conical Arrays  
 
The cell plating procedure used is one modified[45] from the work done by Brewer[46] 
on adult rat hippocampal neurons.  Prior to culture, patterned and PDMS-coated samples 
were sterilized with 100% ethanol for 30 s and then rinsed thoroughly with deionized 
water.  Control samples (glass coverslips) were cleaned in a piranha solution for at least 
30 min, rinsed with deionized water for at least 30 s and then blown dry with nitrogen.   
 
Hippocampal neurons were isolated from post-natal day two (P2) Long-Evans rats.  The 
brains were removed, the hemispheres separated and the hippocampi dissected.  All 
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experiments were conducted under protocols approved by the UIUC Institutional Animal 
Care and Use Committee of the Vice Chancellor for Research, and under continuous 
supervision of the campus veterinarian staff.  Dissected tissue was kept in a 35 mm petri 
dish, surrounded by ice and filled with cold Hibernate A base solution (Brain-Bits, 
Springfield, IL), supplemented with 2% B-27 (Invitrogen, Carlsbad, CA) and L-
glutamine (0.5 mM, Sigma Aldrich, St. Louis, MO).   Upon completion of dissection, the 
tissue was incubated with Papain enzyme (2mg/ml) (Worthington, Lakewood, New 
Jersey) at 37 ºC for 30 min.  After incubation, the tissue was rinsed with 2 ml Hibernate 
A solution.  The solution was removed, an additional 2 ml of Hibernate was added and 
then the tissue was triturated approximately 10 times.  After allowing the large pieces of 
tissue to settle, the cell solution was collected.  This step was repeated at least once.  The 
cell solution was centrifuged for 5 min at (3 x g) and then reconstituted with 1 ml of 
Neurobasal base solution (Gibco, Carlsbad, CA), supplemented with 2% B-27 
(Invitrogen), L-glutamine (0.5 mM, Sigma Aldrich), and 1% pen-strep (Sigma Aldrich).  
Cells were plated onto three different glass substrates, each coated with poly-D-lysine 
(PDL, Sigma Aldrich) at 100 µg/ml, substrates patterned with: (1) PDMS cones; (2) 
thinly coated PDMS; and (3) nothing (controls), at an initial density of approximately 100 
cells/mm2.   The neurons were maintained in a humidified environment at 37 ºC with 5% 
CO2 and supplemented with Neurobasal media twice weekly for one week.  Two samples 
were considered for each sample type (except for the 100x100 sample, which was 
examined only once).   
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2.2.4 Cell Culture of Aplyisa californica Neurons   
Aplysia californica specimens (125-200 g) were supplied by the NIH/University of 
Miami National Resource for Aplysia Facility (Miami, FL).  Single bag cell neurons were 
isolated manually from dissected Aplysia abdominal ganglion.  The ganglion were 
pretreated with protease (1% type IX and 1% type XIV, Sigma Aldrich) at 36 °C for 60 - 
120 min.  This allowed the removal of the outer sheath and separation of individual bag 
cell neurons.  Cells were isolated with the aid of a dissecting microscope (Leica 
Microsystems Inc., M3C, Bannockburn, IL) and transferred onto both patterned and 
unpatterned glass coverslips coated with poly-L-lysine (Sigma Aldrich) and 
preconditioned overnight with culture media.  For the Aplysia experiments, only three 
feature sizes were tested: the 10x10, 10x15 and 15x10 µm post arrays.  Media for cell 
growth consisted of sterile artificial sea water (460 mM NaCl, 10 mM KCl, 10 mM 
CaCl2, 22 mM MgCl2, 6 mM MgSO4, 10 mM HEPES, 11mM glucose and 1% pen-strep 
(Sigma Aldrich)).  Isolated neurons were incubated for 3-5 days at 15 °C to allow for 
neurite outgrowth. 
 
2.2.5 Immunocytochemistry  
2.2.5.1 Brightfield Microscopy 
After 7 days in culture, the neurons were fixed in 4% paraformaldehyde at room 
temperature for 30 min and then rinsed thoroughly with phosphate buffered solution 
(PBS).  Cell membranes were then permeabilized in a PBS solution containing 0.25% 
Triton-X 100 for 5 min and then rinsed again with PBS.  Samples were then incubated 
with 50% Coomasie Blue stain (Sigma Aldrich) for 15-20 min, before being rinsed 
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thoroughly with deionized water.  Coomasie blue is a basic stain that colors both glial 
cells and neurons a dark blue.  
 
2.2.5.2 Fluorescent Microscopy  
After 7 days in culture, neurons were rinsed 3 times with PBS, immersed in 4% 
paraformaldehyde at room temperature for 10 min and then rinsed again with PBS.  A 
PBS solution containing 0.25% Triton X-100 was placed on the cells for 3 min to 
permeablize their membranes, before rinsing again with PBS.  The cells were then 
incubated in 1% Bovine Serum Albumin (BSA, Sigma Aldrich) in PBS for 10 min.  Cells 
were then incubated for 20 min with a Rhodamine-phalloidin (Invitrogen Molecular 
Probes) solution diluted in 1:200 ratio in 1% BSA solution.  Again the cells were rinsed 
with PBS.  Finally, the samples were incubated with 0.002% DAPI (4',6-diamidino-2-
phenylindole, Invitrogen Molecular Probes) in PBS for 1 minute and then rinsed with 
deionized water.  The Rhodamine-phalloidin stains actin filaments red, while the DAPI 
stains the DNA in the nucleus blue. 
 
2.2.5.3 Light Microscopy 
All light microscopy studies of the mammalian neurons was performed on a Zeiss 
(Thornwood, NY) AxioImager A1 microscope.  All light microscopy on the non-
mammalian neurons was performed on Zeiss Axiovert 100 inverted microscope. 
 
All fluorescent microscopy was carried out using a Zeiss Axiovert 200M inverted 
research-grade microscope.  A Dapi/Hoechts/AMCA filter (Chroma Technology, 
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Rockingham, VT) was used for the DAPI imaging, while a Special Yellow 
Rhodamine/Cy3/Texas Red filter (Chroma Technology) was used for the Rhodamine 
imaging.   
 
2.2.6 Analysis/Quantification of Neuronal Studies  
   
2.2.6.1 Manual Neuron Tracing in Two-Dimensions 
The brightfield images of both neuronal networks and isolated neurons were traced using 
Neurolucida software (MBF Bioscience, Williston, VT).  Images of all samples were 
captured at the same magnification and light settings prior to tracing to ensure that 
conditions were as uniform as possible between samples; traces were performed on 
captured images only.  Cell networks were chosen that had a limited number of glial cells 
present and contained neurons that were at densities of approximately 60 or 90 cells/mm2 
(patterned and controls, respectively, determined through a cell viability test, as discussed 
in later sections) as the basis for quantitative analysis via tracing.  By way of definition, 
isolated neurons, as described in this study, were those that did not come into visible 
contact with any other neuron, either through the cell body or neuronal process.  An 
example trace of every feature size not specifically mentioned can be found in Appendix 
A, Fig. A1.1-A1.6).  
 
2.2.6.2 Statistical Analysis 
Data analysis was performed using Neurolucida Explorer (MBF Bioscience), the 
complementary data analysis software to Neurolucida, along with Minitab statistical 
software.(Minitab, State College, PA)  For the analyses described below, two samples 
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were considered for each feature size (except the 100x100 µm design rule, where only 
one sample was considered) and control.  For each sample, at least three cell networks 
and at least eight isolated neurons were traced, the exception being that of the 100x100 
sample, where approximately two times as many traces of both isolated and networked 
neurons were examined.   
 
Polar histograms (Neurolucida Explorer) were generated for each cell network tracing. 
The polar histograms visually represent the percentage of the total process length of the 
whole network that branches from a node within a specific angle range.  The data used to 
generate the polar histograms was used further to specifically look at the percentage of 
total process length that branched from a node within the following angle ranges: 345-
15º, 75-105º, 165-195º, and 255-285º or approximately within a narrow range of 
azimuths at the four right angles of the square pattern grid.  The percentage of branching 
length for each of these angle ranges was summed and then an average overall branching 
percentage in these four regions determined.  A 2-sample t-test (α=0.05, p=0.05, 
independent samples, Minitab) was performed to compare the overall average branching 
of the control versus each patterned sample.  For each sample size, data from at least six 
cell network traces was considered to conduct the statistical test.  These data are 
presented in Table 2.2 and discussed in further detail in the sections that follow.   
 
A Branched Angle Analysis (Neurolucida Explorer) was performed on both individual 
neurons and neuron networks.  Specifically, data from the Neuron Summary analysis, 
nested within the Branched Angle Analysis (Neurolucida Explorer) was used to 
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determine whether there was a difference in average process length between these two 
types of samples.  After the data were tabulated, a 2-sample t-test (α=0.05, p=0.05, 
independent samples, Minitab) was performed to determine if there was a difference in 
average process length for neurons in networks versus isolated neurons.  Data from at 
least fifteen isolated neuron traces and at least six network traces for each patterned 
sample type were used in this statistical comparison.  These data are given in the in 
Appendix A, Tables A1.1a-c, A1.2a,b and A1.3. 
  
2.2.7 PDMS Coated Control Samples 
Samples with a thin layer of PDMS, created through spin-coating uncured PDMS at 5000 
rpm for 2 min onto previously cleaned glass coverslips, were also plated with 
hippocampal neurons following the procedure described earlier.  To quantify the growth 
on these samples, five unbiased images were taken (central, upper left/right, lower 
left/right) using the same objective.  Cell counts on captured images were performed 
using Image J Cell Counter plugin.  Cell growth was quantified on both the controls and 
patterned samples in the same way.  At least five different samples of each type (control, 
PDMS-coated, and patterned) were considered.  As before, 2-sample t-tests (α=0.05, 
p=0.05, independent samples, Minitab) were performed on these cell counts to determine 
if there was a difference in cell viability on the three substrate types considered in this 
study.  These data are presented in Appendix A, Tables A1.4-A1.7.   
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2.3 Results  
 
2.3.1 Cell Viability  
 
The viability of the hippocampal neurons was determined for all three substrates types 
(glass, PDMS-coated, and PDMS conical arrays) and then compared using standard 
statistical techniques, as outlined above.  The viability on the control samples was 
highest, at approximately 90 cells/mm2, while the viability on the PDMS-coated 
substrates was lowest, at approximately 30 cells/mm2.  Viability on each sample type was 
determined to be statistically different.  Interestingly, the viability of neurons on the 
PDMS patterned samples, approximately 60 cells/mm2, fell between the two extremes.  
This suggests that PDMS, when present even in small amounts, has some negative effects 
on cell viability.  
 
2.3.2 Neurons Prefer Any Topography Versus Growth on Smooth Glass 
We found occasionally during substrate fabrication that the post transfer was incomplete.  
These “defective” samples revealed an interesting sensitivity as highlighted in Fig. 2.4.  
These micrographs demonstrate that when grown on a substrate where the PDMS 
features were too thin to be visible with an optical microscope, the neuronal processes 
were still able to detect a difference in topography, and thus aggregated their growth in 
these regions.  This phenomenon was found even for cases involving complex corrugated 
features that AFM data showed ranged in height from approximately 20-500 nm, as can 
be seen in the representative AFM height profiles found in Appendix A, Fig. A1.7.   
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Preference for surface topography was also seen when cell somas fell outside the 
patterned grid, in this case evidenced by the cells directing their processes towards and 
onto the grid (Fig. 2.4).  To investigate further whether this phenomenon could simply be 
attributed to a preference for PDMS over glass, samples with a thin layer of PDMS, 
treated with PDL, were also examined in this study.  As mentioned previously, we 
observed reduced cell densities on these substrates versus the patterned or control (glass) 
substrates.  This suggests that even though the neurons do not ‘like’ PDMS, they do ‘like’ 
topography, and thus will seek it out whenever possible.  It should be noted here, 
however, that there are important ways in which the bulk PDMS substrates differ from 
those bearing patterns of PDMS.  Perhaps most important of these is the fact that the 
adsorption of the activating PDL layer is inhibited by the PDMS.  Its uptake is increased 
somewhat by oxidative pretreatments of the PDMS (such as in a UV-Ozone system—a 
chemistry related to that used in the decal transfer process).[47]  Even with such 
treatments, we found little improvement of the bulk PDMS systems as substrates for 
sustaining viable cultures.  
 
The posts provide extra surface area with which cell somas and processes can interact, 
but limits the amount of PDMS available to disrupt cell growth, as the PDMS is present 
only in the form of discrete features.  We believe that when the PDMS is present in bulk, 
as it is for the coated samples, the presence of low molecular weight materials in the 
PDMS likely interferes with the cell growth.[45]  Thus we see a decreased survival rate 
on these types of samples.  Our data suggests that, when using PDMS to create 
microfabricated substrates or devices, a minimization of the material utilized is an 
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important consideration when culturing primary mammalian neurons and that critical 
processing is required to preserve their viability.[45] 
 
2.3.3 Both ‘Small’ and ‘Large’ Feature Sizes Can Provide Guidance Cues 
As can be seen from the images presented in Fig. 2.5, feature sizes as small as 10 µm and 
as large as 100 µm strongly affect the process outgrowth of hippocampal neurons.  
Process outgrowth on the smallest pattern (10x10), shown in Fig. 2.5(a), displays 
significantly aligned branching patterns.  On the smallest feature sizes, the processes 
appear to migrate directly to the posts as they follow the pattern; the guidance in this case 
maximized direct contact interactions.  As the neuronal processes navigated the 
topography of the substrate, growth continued towards the next nearest post.  As the 
feature size increased, however, the fidelity of the alignment of the processes declined.  
At this point, process wrapping or looping started to occur.  We find, as shown in the 
representative image(s) of Fig. 2.5 that processes prefer to remain attached to the specific 
features and do not frequently span gaps to neighboring posts, when the spacing is 
increased beyond 40 µm.  This looping behavior is first observed as a weak bias on the 
15x10 sample, (Appendix A, Fig. A1.2), but does not become prevalent until the feature 
size is increased to 20x40, Fig. 2.5(b).  Neuronal outgrowth on this sample shows a 
combination of semi-aligned branching and process wrapping.  As the feature size is 
increased further, process wrapping dominates the outgrowth behavior, Fig. 2.5(c).  The 
largest feature size/spacing combination considered in this study (100x200, Fig. 2.5(d)) 
promoted both process wrapping and random outgrowth.  As would be expected 
intuitively, neuronal processes on this sample had the hardest time spanning to the next 
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nearest post.  Another interesting morphological behavior is evidenced suggestively in 
these images (examined more explicitly in the data presented in Fig. 2.6), that the cell 
somas show a weak but distinct preference to congregate around the edges of a post and 
either direct their process around and/or up the post depending on where the cell soma 
was located.  This wrapping behavior, which progressively competes with spanning, was 
most apparent on the tallest features considered in the study (the 6, 14 and 20 µm tall 
conical features present on the 50 and various 100 µm post design substrates, 
respectively).   
 
Polar histograms, representing the amount of process length (scaled to total process 
length for each examined cell network) at a given branching angle range, are given for 
each accompanying trace in Fig. 2.5, third column.  These plots highlight the behavioral 
transition between aligned branching, process looping, and randomized growth as the 
feature size is increased.  At the smallest feature size, the majority of the processes 
branched from nodes at 0, 90, 180 or 270º.  The histogram generated from the trace of the 
largest pattern/spacing, however, has an approximately even distribution of length at each 
angle range, which suggests the presence of process wrapping, randomized growth or 
some combination of the two.  Visual inspection of the micrographs, however, 
established that azimuthal averaging due to process wrapping is the dominant 
contribution in these experiments.   
 
Table 2.1 gives the average percentage of total network process length that branches 
from a given node at four different (approximate right) angle ranges.  As can be seen 
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from the Table, the smallest feature sizes (10x10, 10x15, 15x10, 20x10) show the most 
aligned behavior, ranging at approximately 40-45%.  The alignment becomes less 
prevalent at the 10x40 and 20x40 samples and is, as expected, the least prevalent in the 
largest feature size/spacing.  To further investigate these affects, the average branching in 
the right angle range for the patterned samples was compared to the controls, using 
standard statistical methods. The smallest feature sizes, up to 20x10, were statistically 
different than the control, while the 10x40, 20x40 (and larger) samples were found to not 
be statistically different.  Even so, this correlation does not reflect a pattern of random 
growth in each sample as wrapping provides a distinctly different means to azimuthally 
average the outgrowth direction than is true for the full planar cultures.   
 
Fig. 2.6 provides further evidence of the characteristic behavior of neuron networks on 
the 10x10 and 50x100, as described above.  The micrograph in Fig. 2.6(a) clearly 
illustrates a preference for the somatic region containing the cell nucleus (blue) to attach 
on (or at the edge) of the conical PDMS features.  This behavior might be anticipated, for 
it is at such a feature that the cell soma would have the most surface area with which to 
interact.  The processes (red) of adjacent neurons form interconnections, similar to 
developing neurons in vivo.  Fig. 2.6(b), on the other hand, illustrates similar behavior of 
the somata, marked by the cell nuclei, but distinctly different behavior of the process 
outgrowth.  As can be seen in this micrograph, a cell soma is seen to attach to the top of 
the post, but instead of spanning the posts as they do on smaller patterns, the processes 
wrap around the posts, again most likely to maximize their surface interactions.    
 
 37
2.3.4 Neurons Prefer to Grow in Networks 
We observed that the neurons preferred to grow in networks, which could span 200 µm 
or more across the substrate.  The most extensive lateral networks were observed on the 
smallest feature sizes.  However, when neurons were isolated, they tended to have one or 
two, short processes, regardless of the substrate they were plated on.   
 
To further illustrate the difference between isolated neurons and those in networks, a 
standard statistical test was performed on data collected from traces from both sample 
types to compare the mean process length.  The p-values determined from the test (Table 
2.5) showed that all but the 10x15, 20x40 and the 50x100 samples had statistically longer 
average process lengths for neurons in networks versus those that were isolated.  This 
suggests that neurons behave most typically when in networks versus in isolation, as 
neurons in the developing brain, tend to form extensive networks spanning hundreds of 
microns or more.[48] 
 
2.3.5 Material System Has Differential Effect on Aplysia Neuron Growth 
To further characterize the effect posts have on neuron growth, we chose to study the 
branching behavior of bag cell neurons (BCN) from Aplysia californica (large 
invertebrate sea slug), to compare with the mammalian neurons investigated.  When these 
neurons were cultured onto patterned substrates, growth differed from the hippocampal 
neurons, Fig. 2.7.  These large neurons developed a complex branching pattern, which 
though still aligned, is fundamentally different than that of the hippocampal neurons.  
Whereas the hippocampal neurons use the posts to direct their growth, the alignment seen 
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in the BCN results from contact avoidance of the posts.  In Fig. 2.7, the neurites prefer to 
grow on the glass substrate between the posts.  This property could be exploited to direct 
BCN outgrowth and suggests that the material system studied here and the branching 
characteristics that are promoted by it are specific to neuron type.   
 
2.4 Discussion   
The goal of this study was to characterize the behavior of early postnatal hippocampal 
neurons on substrates presenting a variety of textural design rules but with a common 
(conical) underlying shape and similar chemistry to make them growth compliant 
(through the addition an adsorbed layer of poly-lysine).  A form of decal transfer 
lithography was used in this study to create substrates with discrete topographical 
features of various size and spacing.  We found that the behavior of neurons in this 
environment, specifically in networks, could be tailored to display specific branching 
characteristics.  Indeed, the characteristics of the network are controlled depending on the 
grid size, to obtain either an aligned or wrapped design, or a combination of the two.  
 
The feature sizes considered here are larger than those previously studied by other 
groups.[1-12, 14-21, 24-25]  While it may appear that features on these scales are larger 
than those encountered by the growing neuron, neuronal processes often extend many 
millimeters from the soma and may encounter tightly coupled allotypic neurons, 
extracellular matrix features, fusiculations or vascularizations, each of which would be 
larger in scale than growing neuronal processes.  Even though the linear form of aligned 
branching is not present on the largest feature size/spacing, the branching and growth 
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behavior is interesting at this scale.  For example, the conformal adherence to the conical 
pillar of the process outgrowth into the z-plane is intriguing.  Thus at the largest feature 
sizes, there is a transition from a two-dimensional to a three-dimensional architecture.  
These results suggest this approach can be used to develop 3D platforms, which more 
closely resemble the in vivo arrangement of neurons for examining cell growth and 
behavior.  Substrates with even larger post diameters could be easily fabricated, to allow 
for more extensive cell growth into the z-plane.  Consequently, the fabrication method 
used here has the potential to be used in future 3D cell culture studies, as it provides a 
simple, inexpensive, flexible method for creating host substrates. 
 
It is clear from the data collected in this study that developing hippocampal neurons 
prefer to grow in networks.  Irrespective of the design rule, plating at densities that enable 
multi-cellular contacts always produced the most viable cultures.  In these cases, the 
contact guidance provided by the substrate led to a variety of significant morphological 
outcomes.  As the plated neurons developed processes, they tended to form extensive 
networks, especially on the smallest feature sizes, as they both stabilized contacts with 
the next nearest post and grew to interact with other neighboring neurons.  These 
networks featured both significant extensions and dense branching.  It would seem as a 
result that this type of material system, one with discrete attachment points, promotes 
more naturalistic neuronal interactions in vitro.   
 
As these types of patterns can promote expansive organized neuronal networks, we 
believe they will facilitate studies directed at important questions in neuronal biology.  
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Our work is particularly motivated by the chemical and biological features that underpin 
mechanisms of neuronal repair.  The system described here appears to hold potential for 
such investigations as it would allow one to damage processes at discrete locations within 
the network and the resulting electrical and chemical signals could be collected and 
analyzed with various techniques.  Damaging a neuron in a network would generate more 
pertinent information on how a neuron reacts upon incursion of an injury in vivo.  
 
Our discovery that topography strongly organizes the pattern in which neuronal processes 
are stabilized predicts that it will be interesting to further explore the rules for orientation 
of neuronal growth elicited on the patterns.  For example, do the neurons typically 
interact with each other dendrite-to-dendrite, dendrite-to-axon or axon-to-axon?  Do the 
neurons tend to grow or move coordinately in the same direction across the pattern?  This 
information would allow for optimization of the design parameters in order to guide the 
localized expression of mammalian neurons.   
 
It is interesting to note the significant differential sensitivity we found regarding the 
source of neuronal cells cultured on the patterned arrays.  Aplysia neurons have become a 
widely embraced model for neuronal growth, repair, and reorganization during 
learning,[30-36] with several reports investigating their properties on engineered 
substrates and controlled architectures.[37-40]  It is interesting to speculate whether the 
differences observed here between the mature Aplysia bag cell neurons and early post-
natal rat hippocampal neurons reflect differences between these two species, are due to 
differences in the specific neuronal subtypes used, differences in the developmental state 
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of the respective neurons or whether such differences would be found if other 
mammalian neuronal types were investigated.  Additional work is needed to clarify 
questions such as these and to develop appropriate platforms for neuron-specific 
behaviors.  
 
2.5 Conclusions 
We have developed a material system that can be manipulated to tailor neuronal 
outgrowth in a defined manner.  Although large feature sizes have not been vigorously 
studied previously in relation to contact guidance, they should not be disregarded.  
Neuronal development on larger feature sizes tended to display process wrapping and 
interactions in the z-plane, while process outgrowth on the smallest feature sizes tended 
to promote extensive aligned, polarized networks.  As might be expected, we found that 
neurons survive best when allowed to grow in networks.   
  
As guidance is observed across a surprising range of distances, an intriguing question 
involves the mechanism of this long-distance guidance.  During process extension from a 
growth cone, filipodia extend and sample many areas during a series of extensions and 
retractions.  Permissible environments would promote transformation of the filopodia 
into a stable process extension.  In neurons that have disrupted filipodia, growth cones 
still extend but direction becomes irregular,[49-50] indicating that these directional cues 
affect filipodia.  By investigating these effects using other materials besides PDMS/PDL, 
it should be possible to determine whether the guidance is due to filipodia interacting 
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with surface topology alone or due to combination of topographic and chemical 
differences between the materials making up the pillars and substrate.   
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2.8 Tables 
 
 
Table 2.1. Summary of height measurements for different 
post diameters and spacings.  The boxes highlighted in 
gray were determined using AFM measurements. Those 
boxes not highlighted, were determined using a contact 
profilometer. 
 
 
Table 2.2. Percentage of process length at specific angle ranges (from polar histogram data). Branching 
angle characteristics for mammalian neuronal clusters at approximately right angles. An * indicates that the 
overall branching in this highlighted range is statistically different than that of the control sample. α=0.05, 
p=0.05, samples were independent. All numbers are in percent. 
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2.9 Figures 
 
 
Figure 2.1. Schematic representation of masterless soft lithography method. (a) Depiction of the UVO 
photo mask with insert showing a cross section of the components of the mask (b) Patterned side of the 
UVO photomask is brought into conformal contact with a flat unpatterened PDMS slab (C) UVO mask/ 
PDMS stack is exposed to UV/Ozone (through the quartz side of the mask) to activate the PDMS (d) 
Activated PDMS is separated from the mask and placed activated side down, onto clean glass and then 
heated at 70 ºC for at least 1 hour (e) After cooling to room temperature, the bulk PDMS is slowly peeled 
from the glass surface (f) The resulting array of PDMS cones on the glass coverslip.  
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Figure 2.2. Optical micrographs of PDMS conical features on glass substrate formed using masterless soft 
lithography. (a) 20 µm diameter with 40 µm spacing (edge to edge) (b) 100 µm diameter with 100 µm 
spacing. Scale bar is 180 µm. 
 
 
Figure 2.3. AFM height profile of 10x10 sample, highlighting the conical nature of the PDMS posts.  
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Figure 2.4. Optical micrographs of hippocampal neuron process outgrowth on PDMS post arrays, 
displaying a preference for topography on (a) incomplete transfer of 100x200 pattern and (b) 15x10 pattern, 
where cell somas direct their processes onto the grid. Scale bar is 90 µm. Dashed line indicates 
approximately where activated PDMS came in contact with glass (but did not transfer). 
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Figure 2.5. Optical micrographs of hippocampal neurons plated on glass substrates patterned with PDMS 
conical features (first column), corresponding trace of neuronal clusters on patterns (Neurolucida) (middle 
column) and subsequent polar histogram representing branching angle characteristics (Neurolucida 
Explorer) for each trace (last column) (a) 10 µm diameter, 10 µm spacing (b) 20 µm diameter, 40 µm 
spacing (c) 50 µm diameter,100 µm spacing (d) 100 µm diameter, 200 µm spacing. Scale bar is 90µm. 
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Figure 2.6. Optical micrographs of hippocampal neurons plated on a glass substrate patterned with PDMS 
conical features. (a) A brightfield micrograph of a 10 µm diameter by 10 µm spacing PDMS pattern 
overlaid (to aid in visualization of the pattern) onto an optical fluorescence micrograph of the neurons. (b) 
Fluorescence micrograph of neurons on a 50 µm diameter by 100 µm spacing PDMS pattern. Red is the 
actin, while blue is the nucleus (DNA). Scale bar is 20 µm. 
 
 
Figure 2.7. Optical micrograph of non-mammalian bag cell neurons (Aplysia californica) displaying 
contact avoidance of PDMS post arrays as they navigate the mesh. Scale bar is 115 µm. 
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CHAPTER 3 
 
MICROFLUIDIC CONTACT PRINTING:  
A VERSATILE PRINTING PLATFORM FOR PATTERNING BIOMOLECULES 
ON HYDROGEL SUBSTRATES  
The text and figures included here are from H. Zhang, J.N. Hanson Shepherd and R.G. 
Nuzzo, Microfluidic Contact Printing: a Versatile Printing Platform for Patterning 
Biomolecules on Hydrogel Substrates, Accepted Soft Matter. 
The images included in Figures 3.2, 3.3, 3.5 and 3.6 were taken by H. Zhang. 
3.1 Summary 
This work describes a printing platform that utilizes components of two complementary 
techniques—microcontact printing and microfluidic patterning—to provide a high-               
throughput, reusable tool for patterning biomolecules on soft materials.  Hydrogel 
substrates imprinted with biomolecules (e.g., proteins or peptides) are of considerable 
interest because of their utility in bioanalytical applications such as diagnostics and 
studies of cells in culture.  In the system described here, a track-etched polycarbonate 
membrane is used to seal a PDMS microfluidic channel device.  The model ‘inks’—
solutions of biotin labeled biomolecular targets—constantly replenished via perfusion of 
solution through the membrane and captured on a separately prepared, streptavidin-
incorporating polyacrylamide hydrogel.  The resulting patterns obtained can be controlled 
through channel design and also selective membrane wetting.  Multiple channel designs 
have been used to pattern three model classes of biomolecules (i.e., peptides, 
polysaccharides, and proteins).  Hydrogels patterned with polylysine are used to illustrate 
the range of potential biological applications for this soft-patterning method, in this case 
directing neuronal growth.  The high efficiency and reproducibility of this soft-patterning 
technique are highlighted. 
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3.2 Introduction 
Methods for patterning biomolecules are of broad utility, with exemplary applications 
that include diagnostics,[1] chemical sensing,[2] and platforms for studying cellular 
behaviors.[3-4]  The present report addresses this latter interest, highlighting the 
development of a protocol for patterning soft substrate materials in ways that complement 
those currently used to pattern hard substrates such as glass, silicon, or plastic. The 
patterning of the latter hard surfaces for use in biomolecular analysis has been intensively 
reported in the literature, with notable applications that include their use to direct 
neuronal growth,[5-7] study synaptogenesis,[8] and improve cellular attachment via 
modification with cell recognition molecules such as laminin.[9-10]  Controlled 
biomolecular gradients have also been used to study important cellular processes, such as 
chemotaxis,[11] haptotaxis,[12] angiogenesis,[13] morphogenesis[14] and axon 
guidance.[15-16]  Interest in performing similar cellular studies on soft materials is 
growing as it is now becoming well understood that substrate modulus can play a 
significant role in mediating the morphological and physiological development of 
cells.[17-18]  In this context, soft materials, specifically hydrogels, are more suitable 
substrates for cellular studies because their mechanical properties can be easily tailored to 
better mimic in vivo conditions.[19-20] 
 
Micropatterning technologies, including microcontact printing (μCP) and microfluidic 
patterning, are a logical choice for generating patterns and gradients of this type as they 
allow the manipulation of small volumes of solution with precise control over its 
temporal and spatial delivery.[4]  Μicrocontact printing, first described by the Whitesides 
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group in the 1990’s,[21-22] can be used to create complex but useful patterns of 
alkanethiol (and alkyl silane) self-assembled monolayers (SAMs) on gold (and glass) 
surfaces, via a physical ‘stamping’-based transfer technique.  These SAMs can be used as 
both a resist and a platform that enables subsequent modification via covalent attachment.  
Proteins, for example, can be attached to an appropriately patterned SAM either via non-
specific adsorption[23] or through specific functionalized end groups on the thiols.[24-
25]  James et al. later modified the technique to make it amenable to and compatible with 
the direct printing of proteins.[26]  In the latter study, hydrophobic polydimethylsiloxane 
(PDMS) stamps made via replica molding were modified with an oxygen plasma to 
render them hydrophilic.  This modification in turn allowed the direct printing of a 
positively charged protein (polylysine) over a 4 cm2 glass substrate.  A few recent studies 
have extended µCP to pattern biomolecules on soft substrates.  A study conducted by 
Hynd et al. utilized an acrylamide-based hydrogel substrate that was photopolymerized in 
the presence of a streptavidin-incorporating monomer.  The resulting gel film was 
capable of binding biotinylated extracellular matrix proteins (ECM) transferred in 
patterned form via µCP.[27]  A following study by the same authors examined cellular 
responses to these and found a preference for them to adhere in ECM modified 
regions.[28] 
 
Microfluidic patterning is the most commonly used method to generate fluid-based 
gradients sustained by laminar flow,[29-31] but has also been used to create surface-
bound patterns via adsorption.[9, 32-33]  In the latter case, a PDMS channel system is 
reversibly bound via a compliant soft-contact to a hard substrate such as glass or silicon.  
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A solution containing a biomolecular adsorbate (e.g., a protein) is pushed through the 
channels and bonded to the surface in spatial registration either through specific or non-
specific interactions with the substrate.  The channel system is then removed from the 
substrate and the resulting patterned surface, or even the PDMS stamp itself, used for 
biological studies. Applications made using this approach have been reported in the 
literature with notable examples including axon guidance,[9, 33] haptotaxis,[34] and 
directed cellular migration.[35] 
 
While powerful, microfluidic patterning and μCP techniques both have important 
limitations in particular regarding their capacities for efficiently and reproducibly 
generating multi-component biomolecular gradients or discrete chemical patterns 
imprinted on soft substrates.  It is inherently difficult to use microfluidic methods to 
pattern soft materials, for example, due to the complexity involved in promoting a tight 
seal to a hydrogel, which is necessary to prevent device leakage.  Furthermore, the 
efficiency of the microfluidic patterning technique is usually low because the flow is 
disrupted when the substrate is separated from the channel after each printing step.  This 
disturbance necessitates an extended preparation time and can result in a loss of precious 
reagents (e.g., a specific protein target for an assay). The limitations of μCP techniques in 
the latter context lie in the innate difficulty associated with rigorously controlling the 
amount of material transferred when using a complex macromolecular ink, which is 
essential for generating gradients of useful species such as proteins.[9, 32, 36]  In 
addition, when patterning multiple biomolecules using µCP, difficult alignment steps are 
usually required.  To address this limitation, Bernard et al. combined μCP and 
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microfluidics to enable the printing of multiple biomolecules, without the need for a 
registration step.[37]   In this study, a microfluidic channel was reversibly sealed to a 
planar PDMS stamp (i.e., a slab without surface relief).  Protein solution flowing through 
the microfluidic channel adsorbed to the surface of the PDMS slab and in this way 
defined the “inking” areas.  This protocol was used to print 16 different proteins to a 
plastic substrate at the same time.  The one drawback of this method, however, is that the 
stamp is not reusable (and so has a low efficiency) and does not usefully enable the 
patterning of soft substrates.  There therefore remains a need and opportunity to provide 
further improvements to these techniques, especially in terms of the scope of both the 
inks and substrates that can be patterned.  
 
The work described here draws inspiration from both microcontact printing and 
microfluidic patterning techniques and extends them further through utilization of a  
membrane-based microfluidic device design.[38]  This system, presented schematically 
in Fig. 3.1 (steps I-IV), creates a ‘microfluidic contact printing’ tool by using 
microfluidic channels fabricated via typical soft lithography methods[36, 39-41] that are 
irreversibly sealed to a modified polycarbonate track-etched (PCTE) membrane.  PCTE 
membranes have been incorporated into microfluidic devices to make gateable nano- or 
micro-fluidic interconnects in multilayered separation systems[42-44] and in the 
fabrication of stacked microfluidic devices used to study the flux of platelet agonists into 
flowing blood.[45]  Previous studies that incorporated PCTE membrane into their devices 
used adhesives (e.g, epoxy or PDMS prepolymer) to interface the membranes with the 
PDMS microchannels.[44, 46-47]  Applying an ultra-thin layer of the adhesives is 
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necessary and challenging because excess glue on the membrane can block membrane 
pores and, possibly, even neighboring microfluidic channels. The device reported here is 
fabricated using vapor deposited thin-film adhesion layers that obviate this latter 
requirement, thus simplifying fabrication.  
 
In this study, the printing tool was used to pattern a single biomolecular ink solution via 
complex single channel designs; multiple biomolecular ink solutions were also patterned 
simultaneously using a multi-channel design.  The system’s capabilities for generating 
gradients using multiple channel designs also are demonstrated.  We demonstrate 
capabilities for patterning model biomolecular ink compositions including those based on 
small chain-length peptides, polysaccharides, and proteins.  
3.3 Results and Discussion 
3.3.1 Device Design and General Observations 
The schematic presentation in Fig. 3.1 I-IV highlights the process flow used to fabricate 
the printing device.  A significant feature of the design is the durable integration of a 
PCTE membrane with an open feature microfluidic device to create a flexible, reusable 
patterning tool.  As noted above, this strategy addresses some important limitations of 
microfluidic patterning and μCP techniques, specifically in regards to patterning soft 
materials, simultaneous printing of multiple biomolecules, and patterning efficiency.  The 
integration of the PCTE membrane into a microfluidic device not only facilitates creation 
of a seal with the hydrogel substrates but also shields laminar flow field from disturbance 
when the gel-bearing substrate is removed.  A single device is therefore able to pattern 
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multiple hydrogel coated slides with a very short cycle time.  Despite recent efforts[37] to 
address registration issues related to μCP, there are at present no reports that describe its 
use to print biomolecules directly on hydrogels in either a gradient or registered multiple 
printing-level form.  As we show in the data below, specific features of the method 
described here allow gradients and multiple biomolecular patterns to be printed in a 
single step.  
 
The overall printing procedure involves two components of actuation: (a) transudation of 
a biomolecular ‘ink’ through a PCTE membrane; and (b) the subsequent capture of this 
‘ink’ by an affinity modified hydrogel.  The quantitative aspects of the transferred pattern 
(feature width, depth, shape, and contour; concentration of imprinted biomolecular ink; 
gradient profiles; and hierarchy) can be tailored by manipulation of simple mass-transfer 
responsive system features.  For example, the location of the ‘ink’ supplied can be 
controlled through combination of the underlying channel design and the use of a 
secondary selective membrane wetting protocol (see below). The amount of ‘ink’ 
supplied also can be dynamically modulated by such factors as the flow rate and contact 
time between the hydrogel and the device.  ‘Ink’ capture is the result of a competition 
between diffusive zone spreading within the hydrogel and the kinetics of the coupling 
reaction, which in the current model involve a non-covalent binding between the 
biotinylated ‘ink’ and streptavidin-incorporating gel. The printing resolution, therefore, is 
directly affected by intrinsic ‘ink’ characteristics (e.g., the molecular weight or charge 
distribution) as well as the probe concentration in the hydrogel.  These modifiable and 
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controllable system parameters allow for versatile and dynamic patterning capability for 
soft substrates, as illustrated in the following sections.  
3.3.2 Interfacing PCTE Membranes with PDMS Microchannels 
Creating a strong bond between the PCTE membrane and PDMS microchannel support is 
a critical design requirement for this microfluidic device.  In the present system (Fig. 
3.1a), the PCTE membranes are first modified with a thin layer of titanium (an adhesion 
layer), followed by silicon dioxide, which substantially improves bonding between the 
PDMS microchannels and the membrane.  This adhesion layer does not cause any 
obvious deformation of the PCTE membrane (Fig. 3.1b) but decreases the pore size by 
approximately 14 nm at these mass coverages (Appendix B, Fig. B1.1).  We believe that 
the SiO2 coating gives the PCTE membrane a glass-like surface, which is able to form 
strong chemical bonds with PDMS after surface activation using a corona discharge.[48]  
The latter treatment in fact provides fully irreversible adhesive bonding.[49]  We note 
that interfacing of the channel to the modified membrane is significantly improved when 
the cast PDMS channels are soft or slightly under-cured (as described in detail in 
Appendix B).[50] 
 
The PCTE membrane used was large enough to cover and seal the entire underlying 
channel system (including the inlet and outlet), to circumvent the possibility of 
leaking.[43, 45, 47]  To accommodate this design, a syringe needle was inserted through 
the PDMS sidewall into the inlet reservoir and then sealed to the PDMS using epoxy, as 
is schematically depicted in Fig. 3.1c. The optical micrograph of the device in Fig. 3.1d 
shows the underlying microchannel system of a completed printing device (white areas).   
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3.3.3 Channel Designs and Versatile Patterning of Biomoleculear Inks 
     3.3.3.1 Small Chain Peptide Patterned Using Single-Channel Designs 
We used the IKVAV (Ile-Lys-Val-Ala-Val) sequence as a model small chain peptide. 
The IKVAV sequence is a small peptide derived from the large glycoprotein laminin, 
which plays an important role in various biological processes including migration, 
differentiation, attachment, and neurite extension.[51-53]  It more importantly has been 
identified as the active recognition site in laminin and used in model form for controlling 
cellular adhesion and neurite extension.[54]  To immobilize this sequence, the IKVAV 
was modified with biotin on one end for attachment to the streptavidin-incorporating 
polyacrylamide hydrogel and fluorescein isothiocyanate (FITC) on the other end for 
visualization purposes. 
 
Examples of two single channel designs and the corresponding peptide patterns 
transferred to the hydrogel are presented in Fig. 3.2.  As can be seen from the 
fluorescence micrographs, IKVAV is easily transferred to the hydrogel substrate, directly 
corresponding to the underlying channel design.  In these images, the concentration of 
streptavidin in the hydrogel was ~ 50 μg/ml which most likely explains the halo effect 
seen around the transferred channel edges.  When the streptavidin concentration was 
increased 20 times, however, a pattern that not only had improved resolution, but also 
smaller features was generated (Fig. 3.2e).   
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It is worth noting that the peptide-patterned hydrogels, when stored at 4°C for several 
weeks, did not experience significant reduction in fluorescence intensity as diffusive 
spreading of the bound peptide.  This affirms that the stability of the biotin-streptavidin 
affinity system permits the generation of patterned peptide substrates in advance, a 
feature we found to be useful in studies of guided cell growth mediated by immobilized 
peptide sequences.[55]  This aspect of the work is discussed below.  
     3.3.3.2 Polysaccharides Patterned Using Multi-Channel Designs  
To further explore the printing capabilities of the system, two multi-channel designs were 
tested, using fluorescein and rhodamine labeled biotinylated dextrans (MW = 10 kDa) as 
model polysaccharides.  Dextran is an inert hydrophilic polysaccharide that has a high 
water solubility, is commonly used as both an anterograde and retrograde tracer in 
neurons,[56] and has been variously used as a drug delivery vehicle.[57]  In the results 
presented in Fig. 3.3, fluorescein and rhodamine labeled biotinylated dextrans were 
injected into each individual channel.  The printed pattern is directly related to the 
underlying channel design, as well as the specific ink moved through the corresponding 
microchannel.  A proven channel design[29] (Fig. 3.3d) for generating complex gradients 
(a mixing tree), was incorporated into the system.  The two different fluorescently labeled 
dextrans were injected into the channel system at points where the solutions are split, 
combined, and mixed, to create co-localized gradients which were then transferred to the 
hydrogel (Fig. 3.3e). These data demonstrate that parallel printing of multiple substances 
can be accomplished in a single patterning cycle.  This provides a useful point of 
comparison to classical μCP methods, where the patterning of multiple biomolecular inks 
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requires sequential inking and printing steps along with effective means of registration.  
The printing platform is for this reason one we believe could be useful for creating 
substrates for high-throughput screening methods.  
     3.3.3.3 Protein Gradients Generated Using a Single-Channel Design 
A serpentine single-channel gradient generator was used to transfer a FITC and biotin 
labeled polylsyine (MW = 15-30 kDa) to the hydrogel substrate (Fig. 3.4).  Polylysine is 
commonly used to treat tissue culture substrates to improve cell adhesion and viability, as 
well as guide neuronal growth on 2D substrates.[58-60]  A single channel design with an 
incrementally increasing channel spacing (Fig. 3.4a) was used to create the printed 
concentration gradient shown in Fig. 3.4b, one quantitatively analyzed as described in the 
data given in Fig. 3.4c.  The gradient formed by the channel design shown in Fig. 3.4a 
results from both the gradient spacing as well as the pressure drop that occurs as the 
solution moves farther from the channel inlet.[61]  Using a single channel to pattern a 
single component gradient in this way may be preferred for reasons of ease of 
implementation over other more complex designs, such as the mixing-tree[29] based 
device shown in Fig. 3.3d.  While the latter is well suited to printing multicomponent 
gradients, the simpler single channel design serves as a convenient way to create well 
defined gray-scale patterns for chemotactic[62] or haptotactic[63] cell migration assays.  
     3.3.3.4 Orthogonal Patterning Via Secondary Protein Exposure 
A secondary protein exposure does not overwrite the first protein pattern.  The patterns 
generated with the described platform are bound stably to the gel substrates via the 
biotin-streptavidin linkage, which allows a secondary patterning step to be carried out 
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using a different biomolecular ink.  This is illustrated by the example shown in the 
micrograph presented in Fig. 3.4e, which shows an initially printed pattern of FITC-
polylysine-biotin. The image presented in Fig. 3.4f illustrates the results of a secondary 
exposure, an orthogonal patterning, of rhodamine-BSA-biotin on the same substrate.  As 
is clearly seen in this latter image, the secondary exposure does not overwrite the initial 
patterning.  This capability allows the substrate to be easily modified with a secondary 
biotinylated biomolecule to provide better control of the surface properties.  
     3.3.3.5 Protein Patterned Gel Substrates for Neuronal Guidance 
Hydrogels patterned with polylysine using the channel design presented in Fig. 3.4d were 
used to guide the growth of hippocampal neurons.  The neurons can detect and respond in 
accordance (Fig. 3.4g) with the underlying polylysine pattern.  As illustrated in the 
contrast enhanced image in Fig. 3.4g, the neuronal processes (red) are seen to follow 
along the edge of the protein pattern (green), connecting with other cell soma (blue) as 
they navigate the substrate.  The highlighted phenomenon is similar to the findings 
presented in previous studies of neuron guidance on polylysine patterned on hard 
substrates.[5, 58-60]  We do find that soft substrates based on polyacrylamide hydrogels 
are more challenging to use given the substantial cytotoxicity of residual monomer. We 
are currently developing significantly more biologically compliant gel chemistries that 
will remove this sensitivity (see below).  
3.3.4 Discrete Features Patterned Using Selective Membrane Wetting 
A selective membrane wetting method can be used to advantageously extend the 
patterning of discrete features using the microfluidic contact printing tool.  As received or 
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post-modification with Ti/SiO2, PCTE membranes are hydrophobic so pores in the 
membrane must be ‘wetted’ with a low surface tension solvent,[25] such as isopropyl 
alcohol (IPA), to initiate solution penetration. In the previous sections, the membrane 
covering the channel system was wet extensively by IPA using a cotton swab (Appendix 
B, Fig. B1.2), which in turn created patterns determined explicitly by the channel design.  
The ‘writing’ method described here uses a capillary tube to precisely deliver IPA 
wetting agent (Appendix B, Fig. B1.3-B1.4) to distinct membrane regions to create a 
secondary degree of control on the pattern generation that operates in hierarchy with the 
channel design (Fig. 3.5a, b).  We found that it is only in these selectively wetted regions 
where biotinylated solutions transude through the membrane and captured subsequently 
by the streptavidin-incorporating hydrogel (Fig. 3.5c).  The micrograph presented in Fig. 
3.5d shows a ’UIUC’ pattern that was ‘drawn’ on the PCTE membrane-sealed channel 
system, while Figs. 3.5e and f show the resulting transudation of a biotinylated FITC 
solution through these wetted regions along with the corresponding pattern of the FITC-
biotin captured in the gel.  These exemplary results suggest this method is a versatile way 
to pattern substrates in the form factor of multiplexed arrays without the requirement for 
a 3D integrated microfluidic delivery system. 
3.3.5 Reusability of the Printing Platform and Reproducibility of the Pattern 
Transfer  
The plot in Fig. 3.6 illustrates the recycle capability of the system and the pattern transfer 
reproducibility between consecutively printed gels.  The analysis was done using 
fluorescein-labeled dextran with the channel design shown in Fig. 3.1d.  In order to 
determine the appropriate testing time, the fluorescence intensity and diameter of 
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transferred patterns in relation to printing time was also investigated and found to 
increase linearly as stamping time is changed from 0.5 to 10 minutes (Appendix B, Fig. 
B1.5).  This follows in accordance with a diffusive broadening of the target flux in the gel 
over time.  A 5-minute stamping time was adopted to test the reusability and 
reproducibility of the printing technique.  In this case, the fluorescent intensity of the 
transferred patterns was analyzed and compared, as described in Appendix B.  As seen 
from the plot given in Fig. 3.6, with inset micrographs displaying printing results from 
the same device at different time points over several days, the intensity of the transferred 
patterns was essentially constant over multiple printing cycles.  These data affirm a 
broader capability for the generation of uniformly patterned substrates with high 
efficiency and useful copy numbers.   
3.3.6 Further System Modifications 
The system reported in this work has significant potential to be modified, whether by 
altering the channel design, method of membrane wetting, the incorporated affinity 
binding system, or hydrogel system used as a receiving substrate.  In our continuing 
work, for example, we are exploring printing platforms that are modified to use binding 
schemes exploiting complementary strands of ss-DNA as well as antibody/antigen 
recognition methods.  The more important modification, however, centers on new gel 
chemistries to replace the bench-mark polyacrylamide system used here, ones that will 
significantly enhance biocompatibility in cell-based studies. We will report on progress in 
this area shortly.  
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3.4 Conclusions 
Microfluidic contact printing, a new patterning technique described here, combines 
several of the desirable aspects of μCP and microfluidic patterning techniques, and 
addresses some of their important limitations through the integration of a track-etched 
polycarbonate membrane.  Using this technique, biomolecules (e.g., peptides, 
polysaccharides, and proteins) were printed in high fidelity on a receptor modified 
polyacrylamide hydrogel substrate.  The transferred pattern is primarily dictated by the 
design rules of the underlying microfluidic channel system, coupled with diffusive zone 
spreading.  The application of a selective membrane wetting protocol, allows a versatile 
secondary patterning capability.  The protocols support the printing of multiple reagents 
without registration steps and fast recycle times, thus allowing for a high printing 
efficiency.       
3.5 Experimental 
3.5.1 Device Fabrication 
Polyvinylpyrrolidone (PVP) or PVP-free (PVPF) track-etched polycarbonate membranes 
(0.22 μm pore, GE Osmonics Labstore, Minnetonka, MN) were coated with 5 nm of 
titanium, followed by 10 nm of SiO2 using an electron beam evaporator to improve 
binding to the PDMS devices.  Please see Appendix B for a detailed description of the 
membrane modification protocol and a comparison of pore sizes before and after 
modification (Appendix B, Fig. B1.1).   
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Silicon masters were generated using standard photolithography techniques (described in 
detail in Appendix B),[64-65] and covered with degassed PDMS (10:1 ratio, Sylgard® 
184).  Samples were heated at 70 ºC until they were softly cured (~20 minutes, see 
Appendix B for a detailed description).  The softly cured PDMS mold replicas were 
removed from the masters, and holes were punched at the channel inlets and outlets using 
biopsy punches.  The backside (or unpatterned side) of the PDMS stamp and a 
microscope slide were permanently bonded together, after both surfaces were treated by 
Corona discharge (BD-20AC with power line filter, Electro-Mechanics, Ravenswood, IL, 
starting voltage 45 KV) for 40 seconds.[48]  The previously Ti/SiO2 modified 
polycarbonate membranes were exposed for 2 minutes to Corona discharge, while the 
open PDMS channels (previously attached to the supporting glass microscope slide) were 
exposed to Corona discharge for 40 seconds.  The two activated components were 
carefully placed into contact and then placed in a 70 ºC oven to cure for at least one hour.  
Once curing was complete, a syringe needle (26 gauge) that had been removed from its 
plastic housing, was inserted into the inlet hole (from the sidewall of the device) and 
sealed with 5-minute epoxy.  The device was then placed in 70 ºC oven for at least one 
hour to ensure that the epoxy was fully cured.   
3.5.2 Hydrogel Preparation 
Microscope slides were cut into 25 mm x 10 mm pieces to serve as supports for the 
hydrogel substrates.  The glass pieces were cleaned with piranha solution for 20 minutes, 
rinsed with Milli-Q water and dried with nitrogen.  To promote adhesion between the 
cleaned glass slides and the hydrogel substrate, each slide was treated with 100 μl of 3-
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(trimethoxysilyl)-propyl acrylate : glacial acetic acid: H2O (1:2:2, v/v) for 1hr and then 
rinsed with water and then ethanol.[28]  The silane treated glass slides were generally 
used within a few days.  
   
Prepolymer solution was prepared containing 10% acrylamide, 0.26% N,N-methylene- 
bis-acrylamid (Bis) and 0.05% N,N,N’,N’-Tetramethylethylenediamine (TEMED).  A 
5mg/ml solution of Streptavidin acrylamide (Invitrogen, Carlsbad, CA) in PBS was 
added to the prepolymer solution in a 1:100 ratio for regular patterning experiments or in 
a 1:5 ratio for biological studies and small feature size/high resolution patterning. A 10 
wt % aqueous solution of ammonium peroxydisulfate initiator was added in a 1:50 ratio.  
The pre-polymer solution was quickly distributed to the previously silane-treated glass 
slides, which were placed on a PDMS slab to prevent liquid overflow.  The pre-polymer 
solution was covered by a glass microscope slide, with one or three #1 coverslips used as 
spacers, to allow for full gelation.  As prepared, the hydrogel slabs were approximately 
50 µm thick (one coverslip as a spacer) or 150 µm thick (three coverslips as a spacer).  
Thicker gels were used for general patterning experiments, while thinner gels were used 
for cell culture studies.  Once gelation was complete, typically 20 minutes, the glass 
supported gels were removed from the PDMS slab, separated from the microscope slides 
and stored at 4 oC in deionized water until needed.  
3.5.3 Membrane Wetting  
As received and following surface modification, the polycarbonate membranes are 
hydrophobic so must be exposed to IPA to allow solution to penetrate through the pores.  
The microfluidic contact printing device was for this reason exposed to solvent in two 
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ways.  In the first method, a cotton swab soaked in IPA was used to wet channel regions 
where solution perfusion was desired (Appendix B, Fig. B1.2) and then was immediately 
submerged in water to prevent solvent evaporation.  This technique was most commonly 
used to wet devices used in patterning experiments.  We note that, when using this 
wetting technique, the best printing results were attained using PVP modified 
membranes.   
 
In the second method, a ‘pen’ was used to ‘write’ the pore wetting solvent in discrete 
places along the PCTE membrane covering the channel system.  An image of the 
experimental set-up (Appendix B, Fig. B1.3) and a detailed description of this procedure 
are given in Appendix B.  When using this selective pore-wetting technique, the resulting 
printing attempts were most successful using PVP-Free membranes.   
 
Prior to use, and after being ‘wet’ with IPA, the microfluidic devices were degassed for at 
least 20 minutes in a vacuum oven, submerged in deionized water, using the channel 
outgas technique (COT) described previously.[66]  After degassing, devices were stored 
submerged in deionized water until needed.   
3.5.4 Peptide Patterning  
Biotin-Ile.Lys.Val.Ala.Val. Lys (FITC)-NH2 (Biotin-IKVAV-FITC) was synthesized by 
the Biotechnology Center at the University of Illinois at Urbana-Champaign.  A 100 µM 
stock solution of this peptide was prepared using Milli-Q water and stored at 4 °C until 
needed.  The peptide solution was loaded into a syringe, connected to a single-channel 
microfluidic device via PE-20 polyethylene tubing, and then loaded into a syringe pump 
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(1 µl/min, Harvard Apparatus, Holliston, MA).  To prevent solvent evaporation, a drop of 
water was placed on the membrane and covered with a cover slip.  The progression of the 
fluorescently labeled peptide through the microchannel system was tracked using a 
fluorescence microscope (Epifluorescent Microscope Olympus, AX-70 with a CCD 
camera Optronic MagnaFire, Melville, NY).  Once flow of the labeled peptide could be 
observed through the wetted channel regions (typically 5-10 minutes), the coverslip was 
removed, the membrane surface was rinsed briefly with water and then blotted dry.  A 
streptavidin-incorporating hydrogel was placed on the channel system, after excess water 
was removed, and held in place with a small weight to ensure conformal contact.  Care 
should be taken to avoid trapping air at the interface as this will detract from successful 
patterning.  Peptide pattern transfer was typically complete after 2.5 minutes. Once the 
patterning was complete, the gel was removed from the device, rinsed with deionized 
water and then imaged via fluorescent microscopy.  All fluorescent images were 
background corrected using the method described in Appendix B. 
3.5.5 Dextran Patterning  
Biotinylated dextran (MW = 10 kDa) labeled with either a tetramethylrhodamine (mini-
ruby) or fluorescein (mini-emerald) (Invitrogen) were used.  A 20 μM stock solution of 
each labeled dextran was prepared using Milli-Q water and stored at room temperature 
until needed.  The dextran solutions were interfaced with the microfluidic devices and 
visualized in the same way as described previously for the peptide solution.   
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Contact times of ~ 5 minutes typically gave high fidelity pattern transfer. Individual 
images of the mini-ruby and mini-emerald components of the patternwere captured using 
appropriate filter sets and then combined using Adobe PhotoShop (Adobe, San Jose, 
CA). 
3.5.6 Protein Patterning 
Biotin-polylysine (MW = 15-30 kDa) was purchased from Nanocs (New York, NY) and 
labeled with FITC using the EZ-Label Fluorescein Isothiocynate Protein Labeling Kit 
(Pierce Biotechnology, Rockford, IL) according to the included instructions.  Typical 
dialysis methods were used to remove the excess FITC reagent.  Biotinylated Bovine 
Serum Albumin (BSA) was purchased from Pierce Biotechnology and functionalized 
with NHS-rhodamine (Pierce Biotechnology) as per the included instructions.  Once the 
labeling was complete and the excess dye had been removed, the protein solutions were 
stored at 4 ºC until needed.  
 
Polylysine solution, 2 mg/ml in Milli-Q water, was prepared and then degassed in a 
vacuum oven.  After the solution had been degassed, it was interfaced with the 
microfluidic device in the same way as described above.  For these patterning attempts, 
the flow rate was set to either 0.5 or 1 µl/min depending on the channel design.  It was 
found that higher flow rates were better for creating gradients as the printed pattern 
resolution decreased with an increasing flow rate.  For printing discrete features, lower 
flow rates are desirable (less than or equal to 0.5 µl/min).  Printing protein patterns 
typically require longer contact time (15-30 minutes) depending on channel design.  
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Patterned gels were stored in PBS buffer overnight at 37 ºC to remove any unbound 
protein and then transferred to 4 ºC for further storage.  
 
For the secondary patterning of BSA, approximately 100 µl of rhodamine and biotin 
labeled BSA (1mg/ml in Milli-Q water) was placed on top of the polylysine patterned gel 
and allowed to adsorb for 1 hour.  The gel slab was rinsed with deionized water, placed in 
fresh deionized water at 37 ºC for several hours and then imaged. 
 
Primary hippocampal neurons were used to highlight a potential application for patterned 
gels created using this platform—guided cell growth.  The cell plating procedure and 
immunocytochemistry protocol used are similar to those published previously.[67]  
Please see Appendix B for more detail. 
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3.8 Figures 
 
Figure 3.1. Device fabrication (I) and printing process flow (II-V) are schematically represented in (a). The 
polyacrylamide gel (with incorporated streptavidin) is placed on top of the sealed microchannels (II) where 
the biotinylated biomolecule solution can diffuse through the PCTE membrane into the gel (III) and be 
captured by the streptavidin protein (IV), to form long term gradients/patterns (V). The pore morphology 
after Ti/SiO2 deposition is shown in the SEM image in (b). A schematic representation of the side view of 
the device is presented in (c), while the top view of a completed device is shown in the brightfield image in 
(d). Scale bar in (b) is 1 μm and the smallest ruler mark in (d) is 500 μm.  
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Figure 3.2. Patterning results for the IKVAV peptide for different channel designs (width = 50 μm) are 
shown in (a) and (c). The original channel design can be directly transferred to the gel (b), (d). In (e) two 75 
μm diameter dots, on a 20 μm wide channel, were transferred to the gel to highlight printing resolution 
capabilities. Scale bar is 500 μm in (b), 1mm in (d) and 150 μm in (e).  
 
 
 
Figure 3.3. Patterning results for the fluorescein and rhodamine labeled dextran solutions for the multi-
channel designs highlighted in (a) and (d). The fluorescent micrographs in (b) and (c) show that multiple 
biomolecules can be patterned onto the gel in one printing attempt, directly related to the underlying 
channel design. The complex mixing scheme in (d) can be used to create gradients of biomolecules like the 
one pictured in (b). Scale bars are 500 μm.  
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Figure 3.4. Patterning results for the direct printing of FITC-labeled polylysine and indirect patterning of 
rhodamine labeled BSA. The channel design shown in (a) can be used to create gradients of biomolecules 
using a simple single channel design, which has a fixed channel width (50 μm) and range of spacing 
between loops from 40 to 160 µm.  The transferred gradient shown in (b) is quantitatively represented by 
the line scan across the sample, presented in (c).  The single channel design in (d) was used to create a 
pattern of fluorescently labeled polylysine (e) and then the substrate was exposed to a secondary patterning 
of rhodamine labeled BSA (f); the secondary patterning does not ‘overwrite’ the first. Finally, the response 
of primary hippocampal neurons to polylysine patterns created with the channel design in (d) is presented 
in (g). In this image, the biotin-polylysine-FITC pattern appears green, while the cell nuclei (stained with 
DAPI) appear blue and the cell processes (stained with rhodamine-phalloidin) appear red. Scale bars are 
500 μm in (b), (e) and (f), and 100 μm in (g). 
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Figure 3.5. The secondary membrane wetting technique is schematically represented in (a), while an 
optical micrograph of the ‘writing’ process is presented in (b). Solution can diffuse out through the 
underlying microchannels only in the regions that have been wetted with solvent (c). The optical 
micrograph in (d) shows a pattern that was ‘written’ on the membrane, while (e) shows the diffusion of the 
FITC-biotin molecule through the wetted regions. The resulting pattern that was transferred to the gel is 
shown in (e). Scale bars are 300 μm.  
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Figure 3.6. The plot presented here shows the system’s high pattern transfer reproducibility over 
consecutive printing cycles.  The first 5 data points represent printing attempts on day 1, while the last 6 
data points represent printing attempts completed on day 4. The inset micrographs visually highlight the 
similarity in fluorescent intensity between individual printing cycles. Scale bar is 500 μm. 
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CHAPTER 4 
 
DIRECT-WRITE ASSEMBLY OF 3D HYDROGEL SCAFFOLDS FOR GUIDED 
CELL INTERACTIONS 
 
This text was published previously as R.A. Barry III, R.F. Shepherd, J. N. Hanson, R.G. 
Nuzzo, P. Wiltzius, and J. A. Lewis, “ Direct-write assembly of 3D Hydrogel Scaffolds 
for guided cell interactions”, Adv. Mater., 2009, 21, 2407-2410. 
Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission. 
 
Figures 4.1 and 4.2 were created by R.F. Shepherd, while Figure 4.3 was created by R.A. 
Barry III. Rheological analysis was done by R.F. Shepherd.  
 
4.1 Introduction 
The ability to pattern soft materials at the microscale is critical for several emerging 
technologies, including tissue engineering scaffolds,[1-3] photonic crystals,[4-6] 
sensors,[7-9] and self-healing materials.[10]  Hydrogels are an important class of soft 
materials that can be fabricated in the form of three-dimensional (3D) micro-periodic 
structures by colloidal templating[3, 7-9, 11] or interference lithography.[12]  However, 
neither approach allows one to omnidirectionally vary the spacing between patterned 
features over length scales ranging from sub-micron to tens of microns.  By contrast, 
direct-write assembly enables a wide array of materials to be patterned in nearly arbitrary 
shapes and dimensions.[13-15]  Here, we report the fabrication of 1D and 3D micro-
periodic hydrogel scaffolds by direct-write assembly of an acrylamide-based ink. For the 
first time, we combine direct ink writing with in-situ photopolymerization to obtain 
hydrogel scaffolds with micron-sized features (see Fig. 4.1).  By plating 3T3 murine 
fibroblasts onto one-, two- and four-layer hydrogel scaffolds, we demonstrate their 
biocompatibility and, hence, potential suitability for tissue engineering applications. 
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Direct ink writing (DIW) is a layer-by-layer assembly technique in which materials are 
patterned in both planar and 3D forms with lateral feature sizes that are nearly two orders 
of magnitude smaller than those achieved by ink-jet printing[16-18] and other rapid 
prototyping approaches,[19-24] yet comparable to those produced by 2-photon 
polymerization[25] and interference holography.[12]  Central to our approach is the 
creation of concentrated inks that can be extruded through fine deposition nozzles as 
filament(s), and then undergo rapid solidification to maintain their shape even as they 
span gaps in the underlying layer(s).  Unlike our prior efforts on polyelectrolyte inks that 
required reservoir-induced coagulation to enable 3D printing[14], we now report the 
creation of hydrogel inks that can be printed directly in air, where they undergo 
solidification via photopolymerization (see Fig. 4.1a,b).    
 
4.2 Results and Discussion 
 The ink is created by first mixing monomeric acrylamide, glycerol, and water.  Upon 
ageing for several hours under ambient conditions, the monomeric species polymerize to 
yield a gel composed of 30 w/o polyacrylamide.[26]  1HNMR reveals that peaks 
associated with acrylamide, which are present initially, disappear after polymerization, 
followed by the emergence of two new peaks that correspond to alkyl chains (data not 
shown). Concomitantly, as the solution ages, sharp rises in both the shear elastic, G’, and 
loss, G”, moduli are observed, suggesting that the resulting gel is composed of physically 
entangled, polyacrylamide chains (see Fig. 4.2a).  To determine their degree of 
polymerization, N , the intrinsic viscosity, [η]0, of diluted polymer solutions is measured 
by capillary viscometry and found to be [η]0≈ 270 ml gm-1 (see  Fig. 4.2b).[27-28]  
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Using the Mark-Houwink relation, η[ ]0 = KM a , their molecular weight is determined to 
be 8.9x105 gm mol-1, where K is 9.3x10-3 and a is taken to be 0.75 for polyacrylamide 
dissolved in an aqueous solution (0.5 M NaCl).[29-31]  Hence, this initial polymerization 
process yields polyacrylamide chains with an average degree of polymerization, N = 
1.3x104, that is well above the entanglement value of eN  = 128.[32] 
 
To further optimize the ink for direct-write assembly, this polymerized mixture is 
softened by adding monomeric acrylamide, a crosslinking agent, N,N methylene 
bisacrylamide, a photoinitiator, diethoxyacetophenone, and deionized water at weight 
ratios (w/w) of 0.480, 0.036, 0.004, and 0.480, respectively.  The initial polymerization 
step could be eliminated simply by adding high molecular weight polyacrylamide chains 
(~ 106 g/mol) directly to this photopolymerizable solution. The final ink formulation 
exhibits pronounced shear thinning behavior, which facilitates its flow through fine 
deposition nozzles (see Fig. 4.2c).   For example, when the ink is printed through a 5 μm 
nozzle at 0.5 mm s-1, which corresponds to an estimated shear rate of 100 s-1, its viscosity 
is approximately 10 Pa•s. Under these conditions, the ink viscosity is nearly three orders 
of magnitude smaller than that observed at low shear rates (≤ 0.1 s-1).  Upon softening the 
ink, its shear elastic modulus also decreases by about an order of magnitude to ~3x103 Pa 
relative to its initial state (see Fig. 4.2d).   Although this elasticity is sufficient for 
patterning 3D microperiodic scaffolds, the printed ink filaments must be further stiffened 
to prevent subsequent deformation, which occurs when the build times exceed several 
minutes.  To obviate this, we have modified the direct writing process by mounting a 
fiber optic guide onto the printhead, which facilitates in-situ photopolymerization of the 
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ink after it exits the gold-coated, micronozzle (see Fig. 4.1a).  Note that the metallic 
coating prevents the ink from prematurely cross-linking within the nozzle due to UV 
illumination, thereby avoiding clogging during the printing process. 
 
Using this modified DIW process, we can pattern hydrogel scaffolds with precisely 
defined filament diameter, spacing, number of layers, and geometry.  As a first example, 
we created hydrogel scaffolds composed of 5 μm filaments with a 20 μm spacing 
between filaments with 1-4 layers and a total area of 5 mm2 (see Fig. 4.3a,b).  To further 
demonstrate the capability of this novel approach, hydrogel scaffolds are printed with 
nominally 1μm filaments with 5μm spacing between filaments and 6 layers with a total 
area of 1 mm2, as shown in Fig. 4.3c.  In this case, the hydrogel scaffolds are patterned in 
a face-centered tetragonal structure, in which the individual filaments are observed to 
span distances approximately five times their diameter with minimal deflection (see Fig. 
4.3c, inset).  
 
To determine the biocompatibility of the patterned hydrogel scaffolds, 3T3 murine 
fibroblast cells are plated onto a flat glass substrate (control), 1D and 3D microperiodic 
hydrogel scaffolds.  Poly-lysine is absorbed into the hydrogel scaffold network prior to 
cell seeding to enhance their biocompatibility.[33]  The fibroblasts plated on the control 
substrate display the typical flattened out morphology, shown in Fig. 4.4a. By contrast, 
cell interactions with the underlying glass substrate and patterned features results in their 
alignment along the patterning direction of the 1D microperiodic hydrogel scaffolds, as 
shown in Fig. 4.4b. This type of elongated morphology is similar to that observed by 
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Zhang, et al,[34] in which murine fibroblasts formed aligned cell arrays on 1D periodic 
patterned surfaces that were biofunctionalized by microcontact printing of a self-
assembling oligopeptide monolayer. We also observed atypical fibroblast morphology in 
response to the 3D microperiodic hydrogel scaffolds. As shown in Fig. 4.4c,d, fibroblast 
cells integrate themselves into the regions between interconnecting hydrogel filaments. 
Typically one, or at most two, cell(s) reside in this space between filaments, essentially 
compartmentalizing themselves.  We find that the cells tend to sit in the square well 
created by interconnected filaments and then grow down into the scaffold towards the 
underlying glass substrate.  Additionally, when the fibroblasts are in neighboring 
compartments, we observe interaction between the filaments of adjacent fibroblast cells 
(see Fig. 4.4d). 
 
4.3 Conclusions 
In summary, we have designed a new polymeric ink composed of physically entangled 
poly(acrylamide) chains in a photopolymerizable acrylamide solution that can be directly 
patterned in air via a combination of direct-write assembly and in situ photocuring.  This 
novel ink design can be readily extended to other chemistries, including poly(2-
hydroxyethyl methacrylate).[35]  The ability to create hydrogel scaffolds with microscale 
features in both planar and 3D forms opens a new avenue for designing tissue 
engineering scaffolds, tunable optical sensors, and other responsive soft materials. 
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4.4 Materials and Methods 
 
4.4.1 Material System 
The ink is initially formed by mixing 1 ml deionized water (Milli-Q, Millipore), 5 g of 
glycerol (Sigma Aldrich) and 3.5 g acrylamide (Acros).  These constituents are 
magnetically stirred at 30ºC until the acrylamide fully dissolves.  In the quiescent state, 
this solution undergoes spontaneous polymerization within hours to days.  If the 
polymerization is slow, 0.1 M MgCl2 can be added as a catalyst.  After this process is 
complete, 2 ml of deionized water (Milli-Q, Millipore) are added to this highly viscous 
solution.  A separate solution is produced by mixing 5 ml deionized water (Milli-Q, 
Millipore), 5 g acrylamide (Acros), 0.3 g methylene bisacrylamide (MP Biomedicals), 
0.04 ml diethoxyacetophenone (Acros), and 0.018 g Fluorescein O-acrylate (Sigma 
Aldrich). 2 ml of this second solution are added in 0.5 ml aliquots to polymerized 
solution until the desired rheological properties are attained.  Note, fluorescein is added 
to enable fluorescence microscopy of the patterned scaffolds after cell culture is 
complete.   
 
4.4.2 Ink Rheology 
Oscillatory rheometry is performed on the initial ink solution using a cup and bob 
geometry at a frequency of 1 Hz and shear stress of 1 Pa. Oscillatory rheometry is also 
performed on the final ink mixture at 1 Hz at a shear rate range from 0 to 200 s-1 to 
determine the elastic modulus (G’), loss modulus (G”), and yield stress (τy) of the 
printable ink.  Viscometry is performed on the final ink mixture, from shear rates of 0 to 
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200 s-1.  All data is taken using a cup and bob geometry (C15; Bohlin) with 3 cc of 
material on a Bohlin CVOR controlled-stress rheometer.  
 
Capillary rheology is performed by first dissolving the initial ink solution after 
polymerization is copmleted in water and then precipitating the polyacrylamide by 
immersion in ethanol.[36]  The monomeric acrylamide and glycerol are soluble in 
ethanol, while poly(acrylamide) is not.  This process is repeated several times while 
concomitantly ultrasonicating the solution to facilitate dissolution.  The precipitated 
polymer is then dissolved at varying concentrations in an aqueous solution containing 
0.50 M NaCl.[37]  The relative and specific viscosities of these diluted polymer solutions 
are then measured, as a function of flow time, in an Ubbelholde viscometer in a constant 
temperature bath held at 26.5±0.2o C.  The intrinsic viscosity is determined by measuring 
the flow values at different concentrations and using both the Huggins (Eq. 1) and 
Kraemer (Eq. 2) relationships:[31] 
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where sη  is the solvent viscosity, η is the apparent viscosity, c is the polymer 
concentration, and Hk  is the Huggins coefficient. By extrapolating these equations to c = 
0, the intrinsic viscosity is determined.[38-39] 
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4.4.3 Direct Writing of Hydrogel Scaffolds 
Micropipette tips (World Precision Instruments) with diameters ranging from 1 to 10 μm 
are coated with a thin gold film (200nm thick) to prevent photopolymerization of the ink 
prior to exiting the deposition nozzle.  The micropipettes are mounted onto a rotating 
holder to ensure an even coverage and coated inside a metal evaporator (Denton Vacuum 
DV-5024).  Coverslip substrates are cleaned in piranha (sulfuric acid, hydrogen peroxide) 
solution for 1 h, rinsed with deionized water, and dried with nitrogen.  Coverslips are 
placed in a 98% toluene (Fisher Scientific), 2% 3-(trimethoxysilyl)propyl methacrylate 
(Acros) solution for 18 hours at 60° C.  The slides are removed just prior to drawing, 
rinsed with isopropanol, and dried.  The ink is loaded into a syringe, with an attached 
gold-coated tip in place.  Once the substrate is leveled, ink flow is initiated by applying a 
pressure of 70-80 psi.  After the flow has begun, the pressure is reduced to 20-30psi and 
the patterning is initiated.  The printed scaffolds are defined by filament width, spacing 
between filaments, total patterned area, number of layers, and their geometry.  We create 
both planar and 3D scaffolds with 1 to 5 μm filaments and a 5 to 20 μm spacing between 
filaments over 5mm2 areas with 1-6 layers.  A UV lamp (Omnicure S200; Exfo), with a 
λ=320nm-400nm, is used to expose the patterned structure to 5 mW/cm2 during the 
deposition process.  Once patterning is complete, the scaffolds are exposed to a higher 
intensity UV light source, ~400 mW/cm2, for 20 min to ensure a fully photo-cured 
structure.  To drive off excess water and enhance scaffold rigidity, each scaffold is then 
heated to 100 °C for 18 hours. 
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4.4.4 NMR Analysis 
1HNMR measurements are carried out on a Varian Unity 400.  The sample is prepared 
identically to the initial ink formulation; however D2O is substituted for deionized water 
to generate an improved signal with better alignment.  Specifically, 1 ml D20, 5 g of 
glycerol (Sigma Aldrich) and 3.5 g acrylamide (Acros) are mixed together in solution.  
These constituents are magnetically stirred at 30ºC until the acrylamide fully dissolves.  
Samples are analyzed prior to and post polymerization with NUTS (Acorn NMR) 
software package.    
 
4.4.5 Scaffold Imaging 
The printed hydrogel scaffolds are soaked in deionized water (Milli-Q, Millipore) for 3 
days prior to cell culture to leach out glycerol and any unpolymerized acrylamide.  
Reflected light optical microscopy (IX71; Olympus) is performed prior to cell plating to 
ensure structural integrity of the scaffolds.  SEM micrographs are obtained with a Philips 
XL30 ESEM-FEG; structures are dried and sputter-coated with gold prior to imaging.   
 
4.4.6 3T3 Fibroblast Seeding and Imaging 
The interaction of murine NIH/3T3 fibroblast cells with the printed hydrogel scaffolds 
are investigated to assess their biocompatibility.  The initial cell stock (density of ~1x106 
cells/ml) is divided between three T-75 cell culture flasks, to which 20 ml of cell media 
(Dulbecco’s Modified Eagle Medium, DMEM) that consists of 4.5 g/L glucose, 4mM 
glucose, 1mM sodium pyruvate, 1.5 g/L sodium bicarbonate and supplemented with 10% 
fetal bovine serum (FBS, Colorado Serum Company) and 100 U/ml penicillin/100 µg/ml 
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streptomycin (Sigma Aldrich) is added.  The media is exchanged the next day to remove 
excess dimethyl sulfoxide (DMSO, Sigma Aldrich).  Cells are grown in a humidified 
incubator at 37º C with 5% CO2.  
 
Hydrogel scaffolds are sterilized prior to cell plating, through UV light exposure in the 
laminar flow hood for 20 min.  Scaffolds are immersed in 100 µg/ml poly-d-lysine 
(Sigma Aldrich) for 60 min prior to seeding.  Flat glass coverslips are also evaluated as 
controls. Cells are plated onto the scaffolds at approximately 0.5x106 cells/ml and 
allowed to proliferate for approximately 48 h.  After 2 days in culture, the fibroblasts are 
rinsed 3 times with PBS, immersed in 4% paraformaldehyde at room temperature for 10 
min and then rinsed again with PBS.  A PBS solution containing 0.25% Triton X-100 is 
placed on the cells for 3 min to permeate their membranes and then the samples are 
rinsed again with PBS.  The cells are then incubated in 1% bovine serum albumin (BSA, 
Sigma Aldrich) in PBS for 10 min.  The cells are then incubated for an additional 20 min 
in a rhodamine-phalloidin (Invitrogen Molecular Probes) solution diluted 1:200 in 1% 
BSA solution, and again rinsed with PBS.  Finally, the samples are incubated with 
0.002% DAPI in PBS (4',6-diamidino-2-phenylindole, Invitrogen Molecular Probes) for 
1 min and rinsed with deionized water.  The rhodamine-phalloidin stains actin filaments 
red, while the DAPI stains the DNA in the nucleus blue. All fluorescent microscopy is 
performed using the Zeiss Axiovert 200M inverted microscope. A Dapi/Hoechts/AMCA 
filter (Chroma Technology) is used for the DAPI imaging, a Special Yellow 
Rhodamine/Cy3/Texas Red filter (Chroma Technology) is used for the rhodamine 
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imaging and the Piston GFP filter is used for imaging the autofluorescence in the 
hydrogel scaffold.  
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4.7 Figures 
 
Figure 4.1. (a) Schematic illustration of direct writing of a hydrogel ink through a gold-coated deposition 
micronozzle that is simultaneously photopolymerized via ultraviolet (UV) illumination. (b) Optical image 
of a 3D hydrogel scaffold acquired during direct ink writing. Scalebar is 200 μm. 
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Figure 4.2. (a) Shear elastic (G’) and loss (G’’) moduli as a function of polymerization time for the initial 
ink composed of acrylamide, glycerol, and water, (b) specific and relative viscosity of dilute 
polyacrylamide solutions of varying concentration, normalized by the solution concentration, (c) apparent 
viscosity as a function of shear rate for final hydrogel based ink, (d) shear elastic and loss moduli for the 
final hydrogel-based ink. 
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Figure 4.3. (a) SEM micrograph of 1D scaffold composed of 5 μm filaments with a 20 μm center-to-center 
spacing. (b) 3D micro-periodic hydrogel scaffold composed of 5 μm filaments with a 20 μm center-to-
center spacing and 4-layers. (c) 3D micro-periodic hydrogel scaffold composed of nominally 1 μm 
filaments with a 5 μm center-to-center spacing and 6-layers. [Note: Inset in (c) shows a higher 
magnification, tilted view of this scaffold]. Scalebars are 50μm (a-c), and 6μm (inset), respectively. 
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Figure 4.4. Optical fluorescence micrographs of 3T3 fibroblasts plated on the (a) flat glass control. (b) 1D 
microperiodic hydrogel scaffold, and (c,d) 3D microperiodic hydrogel scaffolds (4-layers). (d) Higher 
magnification view of (c) demonstrating the interaction between neighboring cells. In these images, 
rhodamine-phalloidin stains the actin red, DAPI stains the (DNA) nucleus blue, and the hydrogel scaffolds 
fluoresce green through the incorporation of fluorescein-o-acrylate. Scalebars are 100 μm (a-c) and 20 μm 
(d), respectively. 
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CHAPTER 5 
 
3D MICROPERIODIC HYDROGEL SCAFFOLDS FOR ROBUST NEURONAL 
CULTURES 
 
J.N. Hanson Shepherd, S.T. Parker, R.F. Shepherd, M.U. Gillette, J.A. Lewis, and R.G. 
Nuzzo, 3D Hydrogel for Robust Neuronal Culture, in preparation. 
 
S.T. Parker captured images presented in Figure 5.1; R.F. Shepherd created Figure 5.5 
with input from S.T. Parker. 
 
 
5.1 Introduction 
Mammalian tissues are composed of intricate matrices of individual cells that receive 
complex cues from their three-dimensional (3D) environment.[1] Yet standard cell 
culture methods rely on two-dimensional (2D) substrates that are poor mimics of real 
tissue environments.[2-4]  This deficiency is especially relevant to brain tissue, where 
neurons exchange critical information across synapses and the 3D organization of 
neurons and their supporting cells is critical for function.[5] Here, we create poly(2-
hydroxyethyl methacrylate) scaffolds of varying 3D microperiodic architecture by direct-
write assembly, and then render the patterned filaments growth compliant for primary rat 
hippocampal neurons by absorption of polylysine.[6] Neuronal cells thrive on these 3D 
scaffolds, forming differentiated, intricately branched networks. Confocal laser scanning 
microscopy reveals that both cell distribution and extent of neuronal process alignment 
depend upon scaffold architecture.  This work represents a step toward understanding 
neuronal behavior and growth in vivo. 
 
It is widely known that neuronal cells are influenced by their surrounding 
microenvironment; for example, process orientation is guided by both topographical[7-9] 
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and chemical cues.[10-12] Most prior studies have focused on planar or semi-planar[13] 
environments, even though emerging evidence suggests that many cell types,[14-16] 
including neuronal cells,[17-19] display important biological differences in 3D systems.  
While a limited number of 3D neuronal cell studies have been carried out, they have 
mainly relied on disordered structures. For example, Irons, et al.[19] used disks of 
Matrigel™ to co-culture cerebral cortex neurons with astrocytes to conduct 
developmental and electrophysiological studies. Although neuronal cells are able to 
integrate within this 3D matrix, behavioral responses to specific architectural features 
could not be elucidated.  Recently, Seidlits et al. used multiphoton excitation to pattern 
protein features within a 3D methacrylated poly(hyaluronic acid)/N-vinylpyrrolidinone 
gel matrix, subsequently modifying them to present IKVAV peptide sequences, and 
investigated the outgrowth and migration of dorsal root ganglia and hippocampal 
progenitor cells.[20]  Embedded protein features of defined microperiodicity could be 
produced by this approach, however only limited cellular integration was observed.  
Hence, new biocompatible scaffolds with precisely controlled features and interconnected 
porous networks are needed to understand how 3D environments affect neuronal 
integration and behavior.   
 
5.2 Results and Discussion 
To create 3D scaffolds of varying microperiodicity, we first developed a poly(HEMA)-
based ink that contains high molecular pHEMA chains dissolved in a photocurable 
HEMA solution. In this ink design, the pHEMA chains serve as a viscosifying agent to 
allow the printed features to retain their filamentary shape and span gaps in the 
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underlying layer(s).[21]  After printing, the 3D hydrogel scaffolds are photocured to 
enhance their mechanical integrity ensuring survival upon immersion in aqueous culture 
solution.  Four scaffold architectures are produced; each of which contains orthogonal 
arrays of cylindrical hydrogel rods  (ca. 10 µm in diameter) with a varying center-to-
center spacing between adjacent rods of 30, 40, 60, and 80 µm (see Fig. 5.1). To render 
the scaffolds growth compliant for primary rat hippocampal neurons, they are chemically 
modified by immersion in a polylysine solution, where rapid absorption of these 
polypeptide species occurs (see Appendix C, Fig. C1.1).   
 
After sterilization and subsequent treatment with unlabeled polylysine, the 3D hydrogel 
scaffolds are plated with post-natal day 1 primary rat hippocampal neurons.  After seven 
days in vitro, the cultured neurons form extensive differentiated networks within the 3D 
scaffolds, as shown in the reconstructed CLSM images in Fig. 5.2 and in lower 
magnification images provided in Appendix C, Fig. C1.2.  From these images, we find 
that the neuron response is dependent upon the scaffold architecture.  As the spacing 
between adjacent patterned rods increases, there is a decrease in the number of cell 
somata that are fully integrated throughout the 3D scaffold and an increase in the number 
of neuronal networks established on the underlying glass substrate.  The cell survival in 
each scaffold is high and the cultures develop stably without evidence of cell division.  At 
seven days in vitro, cells show elaborate processes that exhibit MAP2, a protein 
commonly present in dendrites. (see Appendix C, Fig. C1.3)   
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Fig. 5.2 shows a top view of each 3D scaffold that highlights neuronal process 
organization, as well as a reconstructed side view, which illustrate cell distribution along 
the vertical direction.  For scaffolds with a pitch of 30 µm, the majority of cell somata 
and their respective processes are confined to the top layers of the scaffold (Fig. 5.2a).  
The neuronal processes clearly follow along the scaffold rods, which is expected given 
that hippocampal neurons preferentially attach to and follow along planar surface 
topographies, such as those formed by patterned post arrays.[9]  As the scaffold pitch 
increases to 40 µm, the neurons create highly branched and aligned networks where the 
cell bodies are well distributed within the vertical dimension (Fig. 5.2b).  On this 
scaffold, the neuronal processes are able to penetrate all layers, instead of being confined 
to those near the top.  When the scaffold pitch is further increased to 60 μm, the open 
pore channels are large enough to facilitate the partitioning of cells to lower layers, where 
they attach to the underlying substrate (Fig. 5.2c). However, on these scaffolds, three-
dimensionally supported neuronal networks do develop.  As the pitch is increased further 
to 80 μm, the dominant somata response is the formation of intricate neuronal networks 
on the underlying substrate surface (Fig. 5.2d). Typically, these networks consisted of 1-
2 neurons in each compartmentalized “pore” space with cellular processes that interact 
and densely follow the contours of the overlaying scaffold rods. 
   
The cell soma distribution is quantitatively assessed as a function of lateral and vertical 
position (Fig. 5.3) by 3D image analysis of confocal scans acquired in a representative 
volume of 250 x 250 x ~50µm3 within each scaffold.  While the cells are well distributed 
laterally (Fig. 5.3a), the pitch between filaments determines their vertical distribution in 
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these scaffolds (Fig. 5.3b). At the smallest pitch of 30 μm, the distribution is somewhat 
skewed to the upper layers of the scaffold (Fig. 5.3b).  In this architecture, the 
characteristic pore size is ~20-22 μm, which may hinder the ~10 μm somata from 
efficiently integrating deep within the scaffold.  In scaffolds with a 40 μm pitch (~30-32 
μm pores), the cell soma are well integrated vertically, while they tended to segregate to 
the region near the substrate in scaffolds with a pitch of either 60 or 80 μm.    
 
To probe specific cell morphologies and process outgrowth behavior, individual cells are 
isolated and reconstructed in 3D through image analysis. Confocal images and 
reconstructions of representative cells are shown in Fig. 5.4.  The neuronal soma in Fig. 
5.4a displays a pyramidal morphology, which is commonly present in in vitro cultures of 
hippocampal neurons.[22]  This 3D reconstruction reveals that the neuronal process 
follows underneath the scaffold on one side, while navigating over the top of the scaffold 
rod on the other.  In Fig. 5.4b, a cell body is seen to attach horizontally to the scaffold 
while its processes wrap around the adjacent rod in a high symmetry that maximizes 
multi-rod surface contacts.  The inset reveals the process wrapping more clearly in a 
cross-sectional view.  This behavior is most commonly observed on the topmost layers of 
scaffolds with the three smallest pitch sizes, where the neuronal processes can more 
easily access and interact with the entire circumference of the printed hydrogel rods.  
Somata with a distorted cell shape are also observed as they fit themselves between 
scaffold layers (see Appendix C, Fig. C1.4), highlighting a strong preference for 
interaction with the scaffold surface.  
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While it appears that the majority of cell bodies prefer to interact with these 3D scaffolds, 
some somata are vertically suspended with only their neuronal processes providing the 
necessary anchorage to the scaffold (Fig. 5.4c).  This suggests significant neuronal 
migration after plating onto the scaffold structures.  An interesting morphology is 
revealed in this image where, instead of wrapping around an individual hydrogel rod, the 
process wraps around junctions formed at orthogonal intersections between printed rods 
in adjacent layers (a behavior most typically observed on scaffolds of the two smallest 
pitch sizes).  Broader contact guidance along the two perpendicular scaffold orientations 
is observed on all scaffold architectures.  An example of this is given in Fig. 5.4d, where 
the neuronal processes of a soma in a 30 µm pitch scaffold are clearly guided by the 
patterned features. 
 
To quantify the neuronal process alignment, separate fast Fourier transforms (FFT) are 
calculated for both the scaffolds and neuronal processes observed in the 3D reconstructed 
images.  FFTs acquired from a 3D scaffold (40 μm pitch) and corresponding neuronal 
processes, shown in Fig. 5.5a-b, reveal the strong periodicity of both the scaffold and the 
interacting neuronal processes.  The inset in Fig. 5.5a denotes the scaffold orientation. 
These images are analyzed and plotted for the specific rod and process fluorescence 
intensities as a function of angle (Fig. 5.5c-d). The similarities between the two polar 
plots indicate that the neuronal processes have a similar degree of periodicity as the 
scaffolds, signifying that the processes closely follow along the topography of the 
scaffold.  The anisotropy of this process alignment on the scaffolds can be approximated 
from the 3D reconstructions, as shown in Fig. 5.5e.  As expected, the correlation length 
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of this induced anisotropy decreases as the pitch size increases. The intensity line scans 
taken across the primary angle in the neuronal process FFTs, shown in Fig. 5.5f, indicates 
that the processes exhibit a higher degree of periodicity within 3D scaffolds of smaller 
pitch (i.e., 30-40 μm). Interestingly, scaffolds with 40 μm pitch present a better peak-to-
noise ratio than those of 30 μm pitch. This may be due to the increased proclivity for 
processes to form bridges that span between rods in scaffolds of finer pitch, as illustrated 
in Fig. 5.2a.  
 
5.3 Conclusions 
In summary, 3D microperiodic hydrogel scaffolds offer a robust, biocompatible culture 
system for primary hippocampal neurons.  Using confocal microscopy coupled with 
image analysis, cell-scaffold interactions were observed and quantified in 3D allowing 
further insight to neuronal development in complex environments.  This programmable 
3D platform offers new opportunities for studying and controlling the distribution of 
hippocampal neurons in three dimensions, which may be extended to other sensitive cell 
types and tissues. 
 
5.4 Methods  
5.4.1 Scaffold Fabrication   
3D pHEMA scaffolds are printed from an ink composed 25 wt% pHEMA (300,000 Mw), 
10 wt% pHEMA (1,000,000 Mw), 40 wt% HEMA, 23.5 wt% H2O, 1 wt% ethylene glycol 
dimethacrylate (EGDMA), and 0.5 wt% 2,2-dimethoxy-2-phenylacetophenone (DMPA) 
(Sigma).  Deionized water, HEMA, EGDMA, and DMPA are combined and stirred until 
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the DMPA dissolves.  The pHEMA is added and the mixture is stirred for 48-72 h until a 
homogenous solution forms.  
 
Glass substrates (12 mm diameter, 0.17 mm thickness, Warner Instruments) are piranha 
cleaned and soaked in a 5% 3-(Trimethoxysilyl)propyl methacrylate (Sigma) in toluene 
solution at 60°C overnight and rinsed with isopropanol.  3D pHEMA scaffolds are 
fabricated using a 3-axis micropositioning stage (ABL9000, Aerotech Inc.) controlled by 
customized software (3D Inks).  The ink is housed in a syringe (3 ml, EFD Inc.) 
mounted on the stage and extruded through a tapered micronozzle (10 μm, World 
Precision Instruments) onto the prepared substrates under an applied pressure of 100-200 
kPa (800 Ultra dispensing system, EFD Inc.) at a speed of 200 μm s-1.  After patterning 
the initial layer, the nozzle is incrementally raised in the z-direction to generate the next 
layer, and repeated until the desired 3D scaffold architecture is formed. 
 
After printing, each scaffold is exposed to UV light (OmniCure S2000, Exfo) for ~20 min 
and soaked in deionized water for at least 12 h to remove any unreacted species.  The 
scaffolds are printed with 6 layers with overall dimensions ranging from 1x1 mm2 to 
1.16x1.16 mm2. The center-to-center separation distance (or pitch) between pHEMA 
filaments ranges from 30-80 μm.  SEM images of 3D unseeded pHEMA scaffolds are 
taken with a Hitachi S-4700 SEM after coating samples with gold/palladium for 45 s 
(Emitech K575 Sputter Coater).  
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5.4.2 Hippocampal Neuron Culture 
The cell plating procedure is modified slightly from our previous study.[9]  Prior to use in 
culture, pHEMA scaffold samples were sterilized for 20 min with UV, treated with poly-
D-lysine (MW: 30-70 kDa, Sigma) at 100 µg/ml for 1 h, and then allowed to sit for 1 h.  
Hippocampal neurons are isolated from post-natal day one (P1) Long Evans/ BluGill rats 
(University of Illinois-Urbana Champaign).  The brains are removed, the hemispheres 
separated, and the hippocampi dissected. Dissected tissue is kept in a 35 mm petri dish, 
surrounded by ice and filled with cold Hibernate A base solution (Brain-Bits), 
supplemented with 2% B-27 (Invitrogen) and L-glutamine (0.5 mM, Sigma).   Upon 
completion of dissection, the tissue is incubated with Papain enzyme (2mg/ml, 
Worthington) at 37 ºC for 15 min and then rinsed with 2 ml Hibernate A solution.  The 
solution is removed, an additional 2 ml of Hibernate is added, and then the tissue is 
triturated approximately 10 times.  After allowing the large pieces of tissue to settle, the 
cell solution is collected.  This step is repeated at least once.  The cell solution is 
centrifuged for 5 min at 3G and then reconstituted with 0.5 ml of Neurobasal base 
solution (Gibco), supplemented with 2% B-27 (Invitrogen), L-glutamine (0.5 mM), and 
1% pen-strep (Sigma).  The remaining large chunks of tissue are incubated again with 
papain enzyme (2 mg/ml) for 15 min and the above process is repeated.  Once the 
incubation time is complete, the cell suspensions are combined and used to plate the 
scaffold substrates at an initial density of approximately 500 cells/mm2.  The neurons are 
maintained in a humidified environment at 37ºC with 5% CO2 and supplemented with 
Neurobasal media twice weekly for one week.  Details on immunocytochemistry can be 
found in Appendix C. 
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5.4.3 Confocal Imaging 
Confocal images are acquired using a Zeiss LSM 710 multi-photon confocal microscope. 
Tiled images of the entire scaffold are obtained using the 25x objective, which are 
composed of either 3 x 3 tiles (927 µm x 927 µm) or 4 x 4 tiles (1270 µm x 1270 µm) 
depending on the scaffold architecture.  In addition, 2 x 2 tiled images (250 µm x 250 
µm) are captured using a 40x objective for data analysis.  
 
5.4.4 Image Analysis 
Confocal z-stacks were reconstructed using Imaris software (Bitplane, Inc.). The 
distribution of cells was determined using the Spots Analysis.  At least two samples, from 
different culture dates, are analyzed for each scaffold architecture.  Position data is 
imported into MATLAB (The MathWorks) and viewed in 3D from the x-z plane, in 
which cell size is varied to indicate its position along the y-axis. 
 
Scaffold and neuronal process z-stacks are reconstructed into separate 3D arrays using 
MATLAB. A Multidimensional Fast Fourier Transform (FFT) package is used to analyze 
the 3D arrays.  The function ‘fftn’ is used to determine the 3D FFT; ‘fftshift’ is then used 
to center the low frequency components of the transform. The power spectrum is taken as 
the log of the absolute value of the centered transform and scaled identically between 
samples to display in the grayscale color range 0 to 255. In order to determine the 
orientation of the neuronal processes, the ‘fanbeam’ function is used to integrate around 
the lateral (x-y) and vertical (x-z) orientations, in which the lateral orientation possesses 
the highest intensity. Only the center beam of the ‘fanbeam’ projection is used in a 360o 
rotation.  A low pass filter is used on each FFT image to remove the lowest value, and 
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then the data is normalized.  Intensity linescans are taken across the primary angle in the 
process FFT images using ImageJ (U.S. NIH). Dilated scaffold 3D arrays are subtracted 
from the process 3D arrays to calculate the percent of the neuronal network on the 
scaffold. 
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5.8 Figures 
 
 
Figure 5.1. SEM micrographs of 3D poly(HEMA) scaffolds of varying architecture. a-d, Scaffolds with a pitch of 
a) 30 µm, b) 40 µm, c) 60 µm, and d) 80 µm are presented.  All scale bars are 20 µm. 
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Figure 5.2. Confocal images (x-y scans, tiled) of primary rat hippocampal cells distributed within scaffolds 
of varying pitch:  (a) 30 μm, (b) 40 μm, (c) 60 μm, and (d) 80 μm. A primary monoclonal antibody for 
actin is used to label the processes, while TO-PRO3 was used to label nuclei. Side view reconstructions 
denote the positions (in x-z plane) of the neuronal somata, while their relative size indicates their position 
along the y-axis.  Scale bar, 40 μm. 
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Figure 5.3. Cell distribution as a function of (a) lateral and (b) vertical position within 3D scaffolds of 
varying pitch. 
 
 
 
Figure 5.4. Confocal images of representative neuron cells on the scaffolds (top row), reconstructed views 
(middle row) and reconstructed view of cells only (bottom row).  (a) Pyramidal soma morphology on 
scaffold (60 µm pitch). (b) Neuronal process wrapping around cylindrical feature within scaffold (60 µm 
pitch).  (c) Soma supported by neuronal processes on scaffold (40 µm pitch).  (d) Process contact guidance 
on a scaffold (30 µm pitch).  In the images, the scaffold and cell nuclei are stained red and the processes are 
green.  In the reconstructions, the nuclei are colored blue. The actin in the cytoskeleton is stained green, 
while the cell nuclei are stained red. Scale bar, 20 µm. 
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Figure 5.5. Planar representations of 3D fast Fourier transform (FFT) calculated for (a) scaffold with 40 
μm pitch and (b) corresponding neuronal processes on this scaffold. Inset in (a) is an SEM image that 
indicates scaffold orientation. Normalized intensity as a function of angle for (c) scaffolds of varying pitch 
and (d) neuronal processes calculated from the FFTs.  (e) Extent of cellular process alignment as a function 
of scaffold pitch.  (f) Line scans of intensity measured across the primary angle of the neuronal process 
alignment in the FFTs (denoted by arrows in (b).  Scale bar, 20 μm. 
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APPENDIX A 
 
SUPPLEMENTAL MATERIAL FROM CHAPTER 2, 
TEXTURAL GUIDANCE CUES FOR CONTROLLING PROCESS 
OUTGROWTH OF MAMMALIAN NEURONS 
 
Reproduced by permission of The Royal Society of Chemistry 
The included images come from supplemental materials from J. N. Hanson, M. J. 
Motala, M. L. Heien, M. Gillette, J. Sweedler, and R.G. Nuzzo, “Textural guidance cues 
for controlling process outgrowth of mammalian neurons” Lab Chip, 2009, 9, 122–131. 
 
Figure A1.7 was prepared by M.J. Motala.  
 
A1.1 Tables 
 
 
Table A1.1a. Table summarizes the data collected for the average process length for isolated neurons on 
the control, 10x10, 15x10, 10x40 and 100x100 samples.  
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Table A1.1b. Table summarizes the data collected for the average process length for isolated neurons on 
the 100x200, 10x15, and 20x10 samples. 
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Table A1.1c. Table summarizes the data collected for the average process length for isolated neurons on 
the 20x40 and 50x100 samples. 
 
 
Table A1.2a. Table summarizes the data collected for the average process length for neurons in networks 
on the 10x10, 10x15, 10x40, 15x10, 20x10 and 50x100 samples. 
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Table A1.2b. Table summarizes the data collected for the average process length for neurons in networks 
on the 20x40, control, 100x200, and 100x100 samples. 
 
 
Table A1.3. Comparison of process length between neurons in isolation and in networks. An * indicates 
that the average process length is statistically different for the two situations. α=0.05, p=0.05, samples were 
independent.  
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Table A1.4. Control (glass). Cell counts for five representative images from five different samples. Area of 
field of view was used to determine cell density.  
 
 
Table A1.5. PDMS-coated glass. Cell counts for five representative images from ten different samples. 
Area of field of view was used to determine cell density.  
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Table A1.6. PDMS patterned samples. Cell counts from five representative images for five different 
samples. Area of field of view was used to determine approximate cell density.  
 
 
Table A1.7. Standard statistical methods were used to determine that cell viability for the three different 
culture conditions was statistically different.  
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A1.2 Figures 
 
 
Figure A1.1. Optical micrograph, corresponding neuron trace and polar histogram for the control sample. 
Scale bar is 90 µm.  
 
 
Figure A1.2. Optical micrograph, corresponding neuron trace and polar histogram for the 15x10 sample. 
Scale bar is 90 µm.  
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Figure A1.3. Optical micrograph, corresponding neuron trace and polar histogram for the 10x15 sample. 
Scale bar is 90 µm.  
 
 
Figure A1.4. Optical micrograph, corresponding neuron trace and polar histogram for the 10x40 sample. 
Scale bar is 90 µm.  
 
 
Figure A1.5. Optical micrograph, corresponding neuron trace and polar histogram for the 20x10 sample. 
Scale bar is 90 µm.  
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Figure A1.6. Optical micrograph, corresponding neuron trace and polar histogram for the 100x100 sample. 
Scale bar is 90 µm.  
 
 
Figure A1.7. AFM height profile of partial transfer of (a) 50x100 sample and (b) 100x100 sample, 
captured using tapping mode AFM. 
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APPENDIX B 
SUPPLEMENTAL MATERIAL FROM CHAPTER 3, MICROFLUIDIC 
CONTACT PRINTING: A VERSATILE PRINTING PLATFORM FOR 
PATTERNING BIOMOLECULES ON HYDROGEL SUBSTRATES  
The text and figures included here are from the ESI from H. Zhang, J.N. Hanson 
Shepherd and R.G. Nuzzo, Microfluidic Contact Printing: a Versatile Printing Platform 
for Patterning Biomolecules on Hydrogel Substrates, Accepted Soft Matter. 
Figures B1.1-B1.5 created by H. Zhang.  
B1.1 Methods 
B1.1.1 Membrane Modification 
 
Polyvinylpyrrolidone (PVP) or PVP-free (PVPF) track-etched polycarbonate membranes 
(PCTE) (0.22 μm pore, GE Osmonics Labstore, Minnetonka, MN) were carefully placed 
in conformal contact with 1 mm thick PDMS slabs, which act as sacrificial support layers 
during surface modification.  Care was taken to minimize scratches and deformation on 
the membranes throughout every step of the modification procedure, as we found that 
small scratches detrimentally effect future patterning attempts.  A 50 Å adhesion layer of 
titanium, followed by 100 Å of SiO2 were evaporated onto the surface of the membranes, 
at a rate of approximately 0.1 Å/s to ensure uniform surface coverage (Temescal FC-1800 
electron beam evaporator).  Scanning electron microscopy (JEOL 6060LV General 
Purpose SEM, Tokyo, Japan) was used to image the membrane before and after 
deposition.  Pore size of the membrane was measured by Image Pro Express (Media 
Cybernetics, Inc., Bethesda, MD) and analyzed by Microsoft Excel (Fig. B1.1).  
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B1.1.2 Silicon Master Fabrication 
 
Silicon wafers were scored into desired sizes, cleaned with piranha solution, rinsed with 
deionized water (Milli-Q, Millipore, Billerica, MA) and then blown dry with nitrogen.  
SU8-50 (MicroChem Corp., Newton, MA) was spun-coated onto the wafer pieces at 
2900 rpm, with a ramping of 100 rpm/sec, for 30 seconds.  The wafers were pre-baked 
for 5 minutes at 120 ºC and patterned by exposing to UV (MJB3 Mask Aligner, Suss 
Microtech, Garching, Germany) for 45 seconds.  Exposed wafers were then post-baked 
for 5 minutes at 120 ºC and cooled, before being developed with SU8 developer 
(Microchem Corp.).  All patterned wafers were treated with tridecafluoro-1,1,2,2-
tetrahydrooctyl trichlorosilane (Sigma Aldrich, St. Louis, MO) for two hours in a 
dessicator under vacuum, to prevent adhesion of PDMS to the fabricated masters.   
B1.1.3 Softly Cured PDMS Microchannels 
 
Irreversible interfacing between the PDMS microchannels and supporting substrate was 
significantly improved when the PDMS was soft or slightly-under cured.  In the 
fabrication process described here, the PDMS is cured long enough to be removed from 
the master, but can still be deformed when gently manipulated with a tweezers (i.e. a 
small indent on the surface can be seen versus fully cured PDMS, which cannot be 
deformed in such a manner).  To quantitatively characterize the experimental condition of 
the soft-cure, the curing ratio first proposed by Go and Shoji was used.[1]  The curing 
ratio, R, is defined as R= ts/tf, where ts is the soft cure time and tf is the full cure time.  
The full cure time, in minutes, can be calculated based on the experimental equation 
log10(tf)= 3.4710 - 0.0158Ts, where Ts is the soft cure temperature in degrees Celsius.  
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For this system, samples were cured for 22 minutes at 70 °C, which gives a curing ratio, 
R, of 0.1.  It should be noted that the soft cure time depends on the amount of PDMS 
being cured, so longer soft cure times may be required for larger samples. 
B1.1.4 Selective Membrane Exposure 
 
A ‘pen’ was created to ‘write’ solvent in discrete places across the channel system 
covered by the PCTE membrane.  As highlighted in Fig. B1.3, the ‘pen’ in this setup was 
made by connecting fused silica capillary tubing (Dinner = 50 μm, Douter = 150 μm, 
Polymicro Technologies, Phoenix, AZ) to a syringe (1 ml Norm-Ject® Luer syringes, 
Henke Sass Wolf, Germany) loaded into a syringe pump (PHD 2000 programmable 
pump, Harvard Apparatus, Holliston, Massachusetts) using polyethylene tubing (PE-20, 
Intramedic Clay Adams® Brand, Diagnostic Systems, Sparks, MD).  The capillary tubing 
was housed inside an empty Sharpie marker (Sharpie®, Oak Brook, IL) shaft to facilitate 
handling.  Prior to use, the syringe was filled with isopropyl alcohol (IPA), which served 
as the ‘ink’. 
 
A PDMS channel device, fabricated as described above, was submerged in a petri dish of 
deionized water.  Submerging the device in water while ‘writing’ allows for a greater 
working time to pattern the device, as the ‘ink’ will quickly evaporate when exposed to 
air.  The submerged device was placed on a sample stage that can be precisely controlled 
laterally and vertically.  A stereoscope (SZX7, Olympus, Melville, NY) mounted on an 
articulating arm boom stand was used to observe the writing process.  
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Before the writing process, the syringe pump was set to 1 μl/min, while flow was allowed 
to stabilize.  The stage was slowly brought up until the water covered the tip of the 
capillary tubing.  At this point, the stereoscope was used to observe the progress of IPA 
through the ‘pen’ tip.  When the IPA reached a steady perfusion state through the tip, a 
change in the refractive index between the IPA and the water can be observed.  At this 
time, the dish was slowly brought up further, until an interface formed between the 
surface of the device and tip.  It is important that the capillary tip not touch the top of 
device, as it will tear and/or deform the membrane as it rasters along the surface.  Once 
the interface has formed, the desired pattern can be written on the PDMS device, by 
carefully moving the stage in the x- and y-directions. After drawing is complete, devices 
are submerged in deionized water.  A sequence of images that demonstrates this process 
can be seen in Fig. B1.4.  
B1.1.5 Image Background Correction 
 
All images used, either in the text or for image analysis, were background corrected in 
the following manner, modified from method described by Model et al.[2]  A standard 
slide was created by placing 0.1 mM fluorescein solution between a coverslip and a 
microscope slide, which was subsequently imaged using fluorescence microscopy.  These 
images could then be used to highlight fluorescent intensity heterogeneity related to the 
microscope and camera.  Matlab (The MathWorks, Natick, MA) was used to background 
correct the raw images.  Using this software, RGB images were first converted to gray 
scale and then each was divided by an image of the reference; corrected images were then 
outputted with false coloring.  
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B1.1.6 Hippocampal Neuron Culture and Imaging 
Prior to use in culture, patterned polylysine gel slabs were sterilized by exposure to 0.1% 
Gentamicin (Invitrogen) PBS solution for 2 hours [3] before being transferred to a petri 
dish of fresh sterile PBS, where they were stored overnight at 4 ºC.  
 
The cell plating procedure used is similar to one published previously.[4]  Hippocampal 
neurons were isolated from post-natal day one (P1) Long-Evans rats.  All experiments 
were conducted under protocols approved by the UIUC Institutional Animal Care and 
Use Committee of the Vice Chancellor for Research, and under continuous supervision of 
the campus veterinarian staff.  The gels were plated at an initial density of approximately 
150 cells/mm2.  Neuronal samples were maintained in a humidified environment at 37 ºC 
with 5% CO2 and supplemented with Neurobasal media twice weekly for one week.   
 
After 7 days in culture, neuronal samples were prepared for fluorescent imaging using the 
same method presented previously.[4]  Samples were treated with DAPI (Invitrogen) to 
stain the DNA in the nucleus blue, while rhodamine-phalloidin (Invitrogen) was used to 
stain the actin in the cytoskeleton red.  All fluorescent microscopy was carried out using a 
Zeiss Axiovert 200M inverted research-grade microscope.  A Dapi/Hoechts/AMCA filter 
(Chroma Technology, Rockingham, VT) was used for the DAPI imaging, a Special 
Yellow Rhodamine/Cy3/Texas Red filter (Chroma Technology) was used for the 
rhodamine imaging, and a Piston/GFP filter (Chroma Technology) was used to image the 
fluorescein.   
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B1.1.7 Testing the Device Reusability and Pattern Reproducibility 
The reusability of the device was demonstrated by patterning gels using the same device 
at different time points over several days.  The device, in this case, was based on 
serpentine channel (width = 50 µm) that connected nine dots (diameter = 350 um), 
forming a 3x3 array as shown in Fig. 3.1d.  Fluorescein labeled biotinylated dextran (i.e., 
mini-emerald) was injected at 1 μl/min and the stamping time between the hydrogel and 
the device was held constant at 5 minutes.  Using the same device, 11 patterned gels were 
created.  The first 5 gels were printed on day 1, while the following 6 were printed three 
days later (day 4).  In between printing cycles on day 1 and 4, the device was stored at     
4 ºC in deionized water.  Patterned gels were imaged, background corrected, and 
analyzed using Image Pro Express.  For each image, the pixels in nine representative 
areas, corresponding to the nine dots patterned directly from the underlying channel 
design, were sampled. The mean intensity of pixels within each circular area was 
measured to represent the area intensity. 
 
Typically, in a microfluidic channel, there is a drop in pressure as the distance from the 
channel inlet increases.[5]  Thus, it might be expected that the intensity of a transferred 
pattern would be directly related to the underlying location in the microchannel.  In an 
effort to address this phenomenon, the nine circular areas were analyzed separately by 
grouping corresponding areas of the 11 consecutively printed patterns together (so there 
were 9 groups in total).  For each group, the mean intensity of the 11 circular areas was 
determined to attain a normalization factor.  This factor was then used to generate a 
normalized mean intensity for the corresponding area of the pattern.  The plot given in 
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Fig. 3.6 gives the normalized mean intensity for each of the 9 regions of the pattern; 
standard deviation of the intensity for each region was used to generate error bars.  
B1.1.8 Testing the Time Dependence Relationship on Transferred Pattern Intensity 
and Size 
 
The printed pattern fidelity, in terms of diameter in comparison to the original channel 
design, was investigated using the channel design (Fig. 3.1d) and setup described in the 
pattern transfer reproducibility/device reusability section.  In this analysis, the only 
parameter that was changed was the stamping time which ranged from 0.5 to 10 minutes.  
Specifically, the relationship between printing time and pattern intensity and diameter 
were considered.  The AOI (Area of Interest) function was used to fit the 9 transferred 
dots.  The normalization factor that was generated for the pattern reproducibility study 
(overall mean intensity for dots 1-9 printed at 5 minutes) was used as a baseline.  The 5 
minute overall intensity was used as a baseline, as this time was most often used for 
dextran patterning.  The individual mean intensity for each dot was divided by this 
normalization factor, to allow for strict comparison between time and intensity.  Using 
this ratio, the percent change from the baseline or the most typically used printing 
parameters can be visualized.  This data is presented in Fig. B1.5a, with error bars 
representing the standard deviation. As can be seen from the highlighted plot, the 
intensity of the transferred pattern increases approximately linearly with stamping time.  
 
The dependence of time on the size of the resulting patterns (in relation to the original 
channel design) was investigated similarly.  The AOI function was used to determine the 
area in pixels of each of the 9 dots.  An optical image of the original channel design was 
 131
loaded into Image Pro, the actual radius determined (~35 pixels) which was used to 
determine the area.  The determined area was subsequently used as a normalization 
factor.  Each individually measured area was divided by the normalization factor, to get a 
ratio of the actual dot size in relation to the transferred dot.  These data are plotted in Fig. 
B1.5b, with error bars representing the standard deviation.  We found that the diameter of 
the printed circles increased linearly with printing ranging from 0.5 to 10 minutes.  For 
example, the diameter of the 10 minute transfer is almost twice as large as that of 5 
minute transfer.  The size of the transferred pattern depends on the diffusion kinetics of 
the dextran inside the gel, the capture efficiency of the streptavidin for the biotinylated 
dextran, as well as the size and conformation of the dextran itself. 
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B1.3 Figures 
 
 
Figure B1.1. SEM micrographs of track-etched polycarbonate membrane before (a) and after (b) Ti/SiO2 
deposition. The table presents statistical information of the pore size analysis. The average diameter of the 
pore decreased about 14 nm after Ti/SiO2 deposition. Scale bar is 500 nm. 
 
 
Figure B1.2. The underlying channel design was wetted with isopropyl alcohol using a cotton swab. The 
wetted device was immediately submerged in water to prevent solvent evaporation. The color of the PCTE 
membrane changed from white to translucent after wetting. 
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Figure B1.3. Experimental set-up of the writing station for selective membrane wetting. (1) “Pen”, an 
empty Sharpie® marker shaft contains fused silica capillary tubing (Dinner = 50 µm, Douter = 150 µm, see 
inset for an enlarged view); (2) PE-20 tubing; (3) 1 ml syringe, loaded with isopropyl alcohol; (4) Control 
of lateral, vertical movement of stage; (5) Adjustable clamp; (6) Sample stage; (7) Petri dish, with 
submerged device in water; (8) Syringe pump; (9) Stereoscope.  
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Figure B1.4. Image sequence highlights the secondary wetting of the PCTE membrane with isopropyl 
alcohol using a capillary ‘pen’. A small change in the refractive index can be observed at the tip of the 
capillary tube when isopropyl alcohol mixes with water. The color of the membrane changes from white to 
translucent after wetting. 
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Figure B1.5. The fluorescence intensity (a) and diameter (b) of the printed pattern linearly increases, 
through a stamping time range of 0.5-10 minutes. In (c) a micrograph of the printed pattern at 5 minutes is 
given, while the printed pattern after 10min is given in (d). Scale bar is 500 μm. 
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APPENDIX C 
 
SUPPLEMENTAL MATERIALS FROM CHAPTER 5, 
3D MICROPERIODIC HYDROGEL SCAFFOLDS FOR ROBUST NEURONAL 
CULTURES 
 
J.N. Hanson Shepherd, S.T. Parker, R.F. Shepherd, M.U. Gillette, J.A. Lewis, and R.G. 
Nuzzo, 3D Hydrogel for Robust Neuronal Culture, in preparation. 
 
 
C1.1 Methods 
C1.1.1 Immunocytochemistry - Actin/Nuclei staining 
After 7 days in culture, neurons were rinsed 3 times with PBS, immersed in 4% 
paraformaldehyde at room temperature for 30 minutes and then rinsed again with PBS, 
2x.  A PBS solution containing 0.1% Triton X-100 was placed on the samples for 15 
minutes to permeablize cellular membranes, before rinsing again with PBS (0.1% 
Tween),.  The samples were then incubated in ITsignal FX (Invitrogen Molecular Probes) 
for 30 minutes and then rinsed briefly with PBS (0.1% Tween).  Samples were the 
incubated in a 1:100 solution (with PBS and 100 µl of ITsignal FX) of primary mouse-
anti actin monoclonal antibody (MP Biomedicals, Solon, OH) for 2 hours and then were 
rinsed with PBS (0.1% Tween), 3x (5 min).  Cells were then incubated for 1 hour with a 
secondary antibody, Goat Anti-Mouse Alexa 568 (Invitrogen Molecular Probes) in a 
1:200 dilution (with PBS and 100 µl of ITsignal FX) in the dark.  Samples were rinsed 
with PBS (0.1% Tween), 3x (5 min) and then were exposed to To-Pro3 (Invitrogen 
Molecular Probes) at 5µM in PBS, for 30 minutes in the dark.  Once the exposure was 
complete, the samples were rinsed briefly with PBS (Tween 0.1%) and then were 
mounted in Prolong Gold (Invitrogen).  Samples were sealed after 24 hours and kept 
 137
covered, at 4 ºC until imaged.  Note: samples from 4 different in-vitro experiments were 
stained using this protocol and considered for data analysis purposes. 
 
C1.1.2 Immunocytochemistry – Dendrite (MAP2) Staining 
Samples are also stained for the cytoskeletal protein MAP2 in the following manner. 
After 7 days in vitro, samples are quickly rinsed 3x with warm PBS and then immersed in 
4% paraformaldehyde (37 ºC) for 30 min.  Samples are rinsed 2x with PBS (0.1% 
Tween) and then exposed to 0.1% Triton X-100 PBS solution for 15 min.  After another 
2x rinse with PBS (0.1% Tween), the samples are incubated in a 5% goat serum PBS for 
30 min. The samples are then exposed to primary MAP2 rabbit polyclonal antibody 
(Pierce) at a 1:100 dilution overnight at 4ºC and then rinsed 3x (5min) with PBS (0.1% 
Tween).  All of the following steps are completed in the dark. Samples are then exposed 
to a secondary goat-anti rabbit Alexa 568 antibody (Invitrogen Molecular Probes) for 1 h 
before again being rinsed 3x (5min) in PBS (0.1% Tween).  Finally, samples are exposed 
to TO-PRO3 (Invitrogen Molecular Probes) at 50 µM in PBS for 30 min.  Samples are 
dried, mounted in Prolong Gold (Invitrogen Molecular Probes) and then sealed after 24 h.  
 
C1.1.3 Protein Partitioning 
3D pHEMA scaffolds with a 40 µm pitch are exposed to 2mg/ml solutions of FITC-
Polylysine (MW: 30-70 kDa), FITC-Protein A, and FITC-IgG for 1 h.  All proteins are 
purchased from Sigma.  Samples are rinsed with deionized water and imaged using an 
Olympus Epifluorescent Microscope, AX-70 with a CCD camera (Optronic MagnaFire).   
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C1.2 Figures 
 
 
Figure C1.1. The fluorescent micrographs highlight the scaffolds post-exposure of (a) FITC-polylysine, (b) 
FITC-Protein A and (c) FITC-IgG, indicating that only polylysine is strongly absorbed by these structures. 
Scale bar, 200 µm. 
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Figure C1.2. Low magnification (tiled) confocal images of primary rat hippocampal cells interacting with 
scaffolds of varying pitch: (a) 30 μm, (b) 40 μm, (c) 60 μm, and (d) 80 μm, which highlight significant 
neuronal integration throughout each scaffold. In these images, actin in the cytoskeleton is stained green, 
while the cell nuclei are stained red. Scale bar, 100 μm. 
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Figure C1.3. Reconstructed tiled, confocal images highlight staining for the neuronal marker MAP2 
(shown in green) for scaffolds with (a) 40 μm and (b) 80 μm pitch. Scale bar, 40 μm. 
 
            
 
Figure C1.4. Reconstructed confocal image of neurons in 30 μm pitch scaffold.  Image highlights the 
tendency for neuronal somata (marked by nuclei labeled in red) to insert themselves into the interacting 
regions between scaffold rods (red).  Scale bar, 10 μm. 
 
 
 
 
